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ABSTRACT
All spedes of pocket gophers (Geomyidae) are parasitized by at 
least one spedes of chewing louse (Trichodectidae), and  recent genetic 
studies have dem onstrated that a pattern of cospedation exists between 
these hosts and parasites (Hafner and Nadler, 1988; H afner et al., 1994). 
Little w ork has been done on this host-parasite system  at lower 
taxonomic (intrageneric) levels. Although cospedation is evident in a 
study of pocket gophers within the genus Geomvs and  their chewing lice 
(Geomvdoecus). reticulate evolution and retention of ancestral lineages 
obscure the pattern  (Chapter 2).
One key to understanding how these patterns of cospedation are 
produced and how  they are affected by spatial and tem poral scale, is the 
mode of parasite transmission. The long-standing dogm a has been that 
pocket gophers transm it chewing lice along genealogical, primarily 
m atriarchal, lines. However, mtDNA evidence disproves the hypothesis 
of strict-maternal transmission of parasites (Chapter 3). Decreasing the 
scale of the study  even further, I examine parasite transm ission on a 
microspatial scale using nudear-DNA fingerprint da ta  of gophers from a 
contact zone betw een two spedes of chewing lice (Chapter 4). The 
fingerprint data indicate little or no relationship betw een genetic 
relatedness among gophers and the species composition of their 
respective louse populations. Instead, the spedes composition of louse 
populations on indiv idual gophers exhibits significant spatial 
autocorrelation. Therefore, louse transmission w ith in  this zone 
depends more on spatial proximity (i.e., louse composition on nearest
ix
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neighbors) than on  m ating regimes of the hosts. These nearest-neighbor 
effects have caused louse populations to be distributed in patches of like- 
spedes groups. This distribution pattern is fractal-like, and simple 
models using nearest-neighbor effects and basins of attraction account for 
the maintenance of the narrow  zone of contact betw een the lice and, by 
extension, mosaic contact zones in general (Chapter 5).
x
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CHAPTER 1 
INTRODUCTION
A pattern of cospedation is said to exist if two or more unrelated 
lineages share a common phylogenetic history (Hafner and Nadler, 
1988). Host-parasite systems afford an ideal opportunity for cospedation 
because one lineage (the parasite) usually depends upon  another (the 
host) to provide for its ecological needs. Host-parasite cospedation can 
be studied at multiple levels depending upon the evolutionary scale of 
the question being addressed and the resolving pow er of the techniques 
used. A t the macroevolutionary end of the scale, patterns of historical 
relationships (phylogenies) are the center of focus. Morphological or 
molecular data can be used to generate independent phylogenies of host 
and parasite taxa to test for cospedation (Timm, 1983; Lyal, 1986; 
Baverstock et al., 1985; Hafner and Nadler, 1988; Barker, 1991; Hafner et 
al., 1994). Hafner and N adler (1988) provided the first statistical test of 
the similarities observed between the molecular-based phylogenies of 
pocket gophers (Rodentia: Geomyidae) and their ectoparasitic chewing 
lice (Mallophaga: Trichodectidae). Hafner and N adler (1988) 
dem onstrated that the degree of similarity between the pocket gopher 
and louse phylogenies exceeded chance expectations, and thus they 
rejected the null hypothesis of random  assodation and  supported the 
alternate hypothesis of cospeciation.
The advantage of using molecular data to generate the 
phylogenies of hosts and  their parasites are many. If cospeciation can be 
dem onstrated using molecular data, several interesting comparisons can
1
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2be made concerning both  the tempo and mode of evolution within the 
two lineages. Hafner and N adler (1990) illustrated how  linear regression 
can be used to compare the genetic distances between cospeciating pairs 
of taxa to examine relative rates of evolution betw een the hosts and 
their parasites. The slope of the line in the regression analysis can be 
used to infer differential rates of molecular evolution in the two 
lineages.
Hafner et al. (1994) provided the first rigorous application of the 
regression technique to cospeciation analysis based on molecular data.
In this paper, the authors used homologous sequences from the 
cytochrome oxidase c subunit I gene of mitochondrial DNA (mtDNA) to 
derive independent phylogenies of pocket gophers and their chewing 
lice. Upon documenting a history of cospeciation betw een the hosts and 
their parasites, the sequences of corresponding cospeciating hosts and 
parasites were compared using Model II regression analysis. Results of 
this analysis indicated that the rate of nucleotide substitution in the 
segment of mtDNA studied was approximately three times greater in 
the chewing lice than in the pocket gophers. Furtherm ore, the rate of 
silent substitutions (i.e., nucleotide substitutions w ith  no resultant 
amino acid substitution) was nearly 10 times greater in the chewing lice. 
Clearly, these types of comparisons would not be possible using non- 
molecular data.
An interesting aspect of studies of cospeciation in the gopher- 
louse system is that the overall similarity between host and parasite 
phylogenies decreases as the scope of the study focuses on increasingly 
lower taxonomic levels of the hosts. For example, the two studies above
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3(Hafner and N adler, 1988; Hafner et al., 1994) are focused primarily at or 
above the genus level. At these levels, the sim ilarity between the host 
and parasite phylogenies is remarkably high. However, other studies 
that focus w ithin a genus have found lesser degrees of similarity 
(Chapter 2), and  in some cases no evidence for cospeciation (S. A.
Nadler, pers. comm.; T. A. Spradling, pers. comm.). Hence, as in many 
evolutionary studies, order (as evidenced by  patterning) decreases as one 
moves tow ard the microevolutionary end  of the scale. Perhaps because 
of this decrease in order, few studies have been directed at 
m icroevolutionary-scale phenomena w ithin  the gopher-louse system.
To date, only two genetic studies of pocket gophers and chewing 
lice have been conducted at the m icroevolutionary level (Nadler and 
Hafner, 1989; N adler et al., 1990). N adler et al. (1990) compared genetic 
differentiation am ong louse populations to genetic differentiation 
among their hosts at a gopher hybrid zone. These authors found a close 
association betw een gene flow in pocket gophers and gene flow in their 
lice. The other study (Nadler and Hafner, 1989) used allozymes to 
determine that populations of lice occupying different individual 
gophers at the same locality often exhibited allele frequency differences. 
Together these studies reveal a probable causal link between gene flow 
in pocket gophers and  gene flow in chewing lice. This finding is not 
surprising given the natural history traits of pocket gophers and their 
chewing lice (Hafner and Nadler, 1988).
All chewing lice of the genera Geom vdoecus and 
T hom om vdoecus exclusively parasitize pocket gophers (Hellenthal and 
Price, 1984). Because trichodectid lice are wingless insects that cannot
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4survive for prolonged periods off their host (Scott, 1950; Hopkins, 1970), 
louse transmission presumably occurs only during direct physical 
contact between hosts (Kellogg, 1913; Hopkins, 1942; Rust, 1974; Timm, 
1983). However, pocket gophers are asocial animals that rarely come 
into contact (Howard and Childs, 1959). Therfore transfer of lice between 
adults is rare (Patton et al., 1984). Hence, mother-to-offspring transfer of 
lice during  the relatively long period of suckling is thought to be the 
predom inant mode of louse transm ission among pocket gophers (Rust,
1974). Maternal transmission also was hypothesized (Newson and 
Holmes, 1968) for the chewing lice of the European nutrias, Mvocastor 
covpus. This m atemal-transmission hypothesis is further supported by 
observations that the density of chewing louse populations on female 
pocket gophers declines by 55-66% shortly after a female gives birth to a 
litter (Rust, 1974). The decline in  the louse density on the m other is 
likely caused by dispersal of lice to her offspring.
M y study is designed to focus primarily on microevolutionary- 
scale (i.e., below species level) interactions between pocket gophers and 
chewing lice (Fig. 1.1). In Chapter 2 ,1 present a study of cospeciation 
w ithin the pocket gopher genus Geomvs, limited to a relatively small 
portion of the distribution of the genus (Texas and Louisiana). In this 
study of Geomvs and their lice, I use data from allozymes to document 
cospeciation, and I concentrate on  possible explanations for the non- 
cospedating taxa detected. A lthough the Geomvs study is technically 
doser to the macroevolutionary end  of the scale (Fig. 1.1), it focuses on 
one of the smallest geographic and  taxonomic scales possible.
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U v
6C hapter-3 leaves the realm of macroevolutionary studies 
completely (Fig. 1.1) and  is an indirect test of the m atem al-transm ission 
hypothesis. In this study, I compare the distribution of host (Thom om vs 
bottae) mtDNA haplotypes to the distribution of chewing louse 
populations (Geomvdoecus aurei and G. centralis). If m aternal 
transmission is the rule, then the distribution of parasites should  m irror 
that of the host m tDNA haplotypes, which are known to be m aternally 
inherited.
Chapter 4 deals with the same contact zone studied in  Chapter 3 
but focuses at an even finer scale. In this study, I examine the 
demography of pocket gophers and their lice within a single 140 hectare 
area that spans the contact zone between the two species of lice. This 
study uses data from  allozymes, mtDNA restriction site polym orphism s 
(RFLPs), and nuclear DNA fingerprinting to investigate the m ode of 
louse transmission am ong pocket gophers and the possible mechanisms 
that maintain a narrow  zone of contact between two louse species that 
parasitize the same host taxon.
In Chapter 5 , 1 attem pt to unify the three empirical studies 
(Chapters 2-4). By presenting the results of these studies w ithin the 
framework of non-linear, dynamical systems ("chaos") and fractals, I 
hope to convey a new , qualitative, way of thinking about cospeciation. 
Also, through sim ple models, I attem pt to explain the m aintenance of a 
narrow  contact zone w ithout the need to invoke natural selection.
These explanations are the first of their kind for host-parasite 
interactions; they differ fundamentally from the prevailing notion that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7louse transmission, and therefore cospeciation, depends solely upon 
genetic events w ithin the hosts.
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CHAPTER 2
COSPECIATION OF POCKET GOPHERS (GEOMYS) AND THEIR 
CHEWING LICE (GEOMYDOECUS)
The central concept of cospeciation is embodied in Fahrenholz’s 
rule (Eichler, 1948), which states that parasite phylogenies will generally 
correspond directly to those of their hosts. In practice, systematists have 
used Fahrenholz's rule as a rationale for classifying parasites by 
reference to  host phylogenies (Brooks, 1977; Brooks and Overstreet, 1978) 
or classifying hosts by reference to parasite relationships (Hopkins, 1949; 
Wenzel et al., 1966; Timm, 1983). Clearly, cospeciation will occur in a 
host-parasite assemblage only if the parasite has show n a high degree of 
host specificity over a relatively long period of time. Host specificity is 
usually the result of the parasite's dependence on a particular species of 
host for one or more essential resources; thus, the parasite is unable to 
survive on potential hosts lacking those resources (Kethley and 
Johnston, 1975). However, high host specificity, hence cospeciation, may 
occur sim ply because the parasite has low vagility and is unable to 
disperse to a  new host. Importantly, these two factors (inability to 
survive on a new  host and lack of opportunity to colonize a new  host), 
although different biologically, have the potential to yield identical 
patterns of cospeciation.
Pocket gophers (Rodentia: Geomyidae) and their chewing lice 
(Mallophaga: Trichodectidae) are an ideal system for the study of 
rev o lu tio n a ry  relationships between hosts and their parasites.
Geomyid species are seldom found in sympatry, bu t often are parapatric
8
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9and have long, narrow zones of contact (Patton and Yang, 1977). As a 
result, m ost gophers hosting one species of ectoparasite rarely, if ever, 
encounter gophers hosting a different species of ectoparasite. This 
results in few opportunities for chewing lice to colonize more than one 
gopher species. Although not known if chewing lice are restricted to a 
particular host species for physiological reasons, it is know n that they are 
obligate ectoparasites that cannot survive off the host for extended 
periods (Askew, 1971; Marshall, 1981). This, coupled w ith the fact that 
geomyids are asocial and have low effective dispersal rates (Daly and 
Patton, 1990), greatly restricts parasite dispersal. Thus, dispersal of 
chewing lice is thought to occur only during direct contact between host 
individuals, as in mating encounters or while rearing young (Hafner 
and Nadler, 1990).
Pocket gophers of the genus Geomvs are distributed throughout 
Texas and parts of Louisiana (Fig. 2.1a). Although systematic 
relationships among members of the genus in this region have been the 
subject of considerable study (Baird, 1854; Baker, 1950; Baker et al., 1989; 
Block and Zimmerman, 1991; Penney and Zimmerman, 1976), 
relationships among several species of Geomvs have yet to be resolved 
in detail. Honeycutt and Schmidly (1979) studied geographic variation 
in Geomvs bursarius in Texas and  adjacent states, and found that three 
groups were distinguishable based on morphological and  chromosomal 
criteria. Honeycutt and Schmidly (1979) referred to these groups as the 
lutescens group, which includes Geomvs bursarius knoxjonesi. Geomvs 
bursarius m ajor. Geomvs bursarius llanensis, and Geomvs bursarius 
texensis; the attwateri group, which includes only Geomvs bursarius
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0  Geomys attwateri 
^  Geomys breviceps breviceps 
0  Geomys breviceps sagittalis 
0 Geomys bursarius major 
B Geomys texensis llanertsis 
HI Geomys texensis texensis
0  Geomydoecus evringi 
B Geomydoecus heaneyi 
0  Geomydoecus oklahomensis 
13 Geomydoecus subgeomydis
Figure 2.1. Distribution of pocket gophers (a) and their chewing lice (b) in 
Texas and Louisiana. Numbers refer to collecting localities.
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11
attwateri; and th e  eastern or breviceps group, which includes Geomvs 
bursarius sagittalis and  Geomvs bursarius breviceps (Fig. 2.la). Tucker 
and Schmidly (1981) investigated a contact zone between Geomys 
bursarius sagittalis and Geomvs bursarius attw ateri in southeastern 
Texas and elevated attw ateri to species status based on cytogenetic 
evidence. Similarly, Bohlin and Zim m erm an (1982) elevated the 
breviceps group to species status after studying contact zones in Texas 
and Oklahoma involving Geomvs breviceps sagittalis and Geomys 
bursarius m ajo r. Geomys bursarius knoxjonesi was also elevated to 
species status (Baker et al., 1989), but is not included in this study. More 
recently, Block and  Zimmerman (1991) elevated G. bursarius texensis 
(plus G. b. llanensis) to species status (G. texensis) based on allozymic 
data corroborated by data on chewing louse taxonomy.
The four species (including six subspecies) of Geomvs investigated 
in this study (Fig. 2.1a) host four species of chewing lice (Timm and 
Price, 1980; Fig. 2.1b). Geomys breviceps hosts the louse species 
Geomydoecus ew ingi. which is also found on western-most populations 
of G. attwateri: all intervening populations of G. attwateri host the louse 
Geomydoecus subgeom vdis (Fig. 2.1b). Geomys bursarius m ajor hosts 
the widely distributed louse Geomydoecus oklahom ensis. This chewing 
louse also occurs on  G. knoxjonesi and tw o other subspecies of G. b. 
bursarius. G. texensis texensis and G. t. llanensis host the louse spedes 
Geomydoecus heanevi.
Timm (1983) studied the m orphology of the chewing lice hosted 
by Geomvs and derived a louse phylogeny based primarily on m ean 
measurements of several morphological features and the presence or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
absence of certain discrete characters, such as genital-sac spines in males. 
Timm (1983) com pared this chewing louse phylogeny w ith  available 
pocket gopher phylogenies, and concluded that cospeciation was likely 
in this host-parasite assemblage. Herein, I perform a quantitative test of 
cospeciation in  the Geomys-Geomvdoecus assemblage by comparing 
protein differentiation in the pocket gophers to that of their chewing 
lice.
Materials and M ethods
Pocket gophers were collected at ten localities in Texas and 
Louisiana (Fig. 2.1a). Carcasses of freshly captured specimens were 
exposed to chloroform for 3-5 min to facilitate collection of ectoparasites 
by brushing the pelage. Whole lice and tissue samples of pocket gophers 
were frozen im m ediately in liquid nitrogen. Homogenates of kidney 
and liver w ere prepared following the m ethods of Selander et al. (1971). 
Procedures for starch-gel electrophoresis followed Selander et al. (1971) 
and Harris and  Hopkinson (1976), as modified by Patton and Yang (1977) 
for pocket gophers and Hafner and N adler (1988) for chewing lice. 
Thom om vs bottae and its chewing louse. Geomydoecus centralis, were 
used as outgroups in all analyses.
W hole chewing louse individuals were crushed directly onto 
filter paper wicks saturated with a solution containing 6 g of sucrose and 
10 mg each of dithiothreitol, 13-NADP, and 6-NAD in 100 m l of 
deionized water. Louse samples were placed next to host samples on the 
gels to insure that putative louse proteins were not, in fact, host proteins 
contained in the louse’s gut.
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Twenty-six presum ptive gene lod  were surveyed in pocket 
gophers: 4-methyl-umbelliferyl acetate esterase (EST-D, Enzyme 
Commission num ber 3.1.1.1), fum erate hydratase (FUM, 4.2.1.2), 
superoxide dismutase (SOD-1, SO D-2,1.15.1.1), 6-phosphogluconate 
dehydrogenase (6-PGD, 1.1.1.44), isocitrate dehydrogenase (IDH-1, IDH-2, 
1.1.1.42), lactate dehydrogenase (LDH-1, LDH-2,1.1.1.27), malate 
dehydrogenase (MDH, 1.1.1.37), peptidase (PEP-A, valyl-leudne; PEP-B, 
leucyl-glycyl-glydne; PEP-C, leucyl-alanine; PEP-S, leucyl-alanine, 3.4.11; 
PEP-D, 3.4.13.9), creatine kinase (CK-1, CK-2,2.7.3.2), adenylate kinase 
(AK, 2.7.4.3), aconitase (ACON, 4.2.1.3), hexokinase (HK, 2.7.1.1), 
nudeoside phosphorylase (NP, 2.4.2.1), m annose phosphate isomerase 
(MPI, 5.3.1.8), alpha-glycerophosphate dehydrogenase (a-GPD, 1.1.1.8), 
xanthine dehydrogenase (XDH), hemoglobin (Hb), and prealbum in 
(PALB).
Fourteen loci w ere surveyed in individual chewing lice: malate 
dehydrogenase (MDH, 1.1.1.37), malic enzyme (ME, 1.1.1.40), isodtrate 
dehydrogenase (IDH, 1.1.1.42), superoxide dismutase (SOD-1, SOD-2, 
1.15.1.1), arginine kinase (ARK, 2.73.3), 4-methyl-umbelliferyl acetate 
esterase (EST-D, 3.1.1.1), alpha-napthyl acetate esterase (EST, 3.1.1.1), 
peptidase (PEP-A, valyl-leucine; PEP-C, leucyl-alanine, 3.4.11), adenosine 
deaminase (ADA, 3.5.4.4), fumerate hydratase (FUM, 4.2.1.2), glucose 
phosphate isomerase (PGI, 5.3.1.9), and xanthine dehydrogenase (XDH).
Allozyme data were analyzed using both phenetic and 
phylogenetic approaches. Matrices of Rogers' (1972) genetic distance (D) 
were generated for pocket gophers and chewing lice using the BIOSYS-1 
program  of Swofford and Selander (1981). Genetic distances were
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clustered by using the unweighted pair-group m ethod (UPGMA; Sneath 
and Sokal, 1973). A basic assumption of this m ethod is that 
evolutionary rates are approximately equal in all taxa analyzed (Nei,
1975). Page (1990, 1991) documented that rates of protein change in 
pocket gophers and chewing lice (including the genera studied herein) 
are consistent with predictions of a molecular clock. Hence, UPGMA 
clustering is an appropriate technique for tree estimation in this study. 
This observed lack of a significant departure from rate uniformity for 
allozymes in these gophers and lice is im portant if all allozyme 
characters (both plesiomorphies and apomorphies) are to be used to 
estimate evolutionary history in a phenetic analysis.
Parsimony analyses were performed by using the programs 
FREQPARS (Swofford and Berlocher, 1987) and PAUP (Swofford, 1993). 
Use of FREQPARS avoids the problem of lost information resulting 
from the coding of alleles as presence-absence data (Page, 1990), and it 
assigns each internal node a realistic allele frequency (Swofford and 
Berlocher, 1987). However, FREQPARS does not perform branch-and- 
bound searches to assure that the most parsim onious tree (or trees) is 
found (Hendy and Penny, 1982). In contrast, PAUP performs branch- 
and-bound searches, bu t does not accept allele frequency data. 
Accordingly, we followed the method of Page (1990) and generated 
minimal- and near-minimal-length trees by using the branch-and- 
bound procedure in PAUP, then we input these trees into FREQPARS as 
user trees. In the PAUP analysis, alleles w ere coded as unordered 
independent characters (Mickevich and Mitter, 1983). This coding 
m ethod preserves m ore of the phylogenetic information present in the
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original data than does the m ore conservative m ethod (i.e., alleles as 
character states; Page, 1990).
H ost and parasite distance matrices were tested for significant 
association w ith a perm utational Mantel test (Mantel, 1967). This 
procedure tests the hypothesis that the pattern of distances in one matrix 
is independent of the pattern of distances in the second m atrix by 
com paring the sum of cross-products for all pairs of distances between 
the two observed matrices (the Mantel statistic [ZD to those of randomly 
shuffled matrices (Hope, 1968; Schnell et al., 1985). One thousand 
perm utations were performed by  using the Mantel 3.0 program  in the R- 
package (Legendre and Vaudor, 1991). The Mantel statistic (Z) was 
converted to a standardized form  (r; Smouse et al., 1986) and  is 
equivalent to a Pearson correlation coefficient betw een the values of the 
tw o matrices (Legendre and Vaudor, 1991). This test can falsify the 
hypothesis of cospeciation by show ing no significant association between 
the host and parasite distance matrices (Hafner and N adler, 1990). 
Im portantly, the Mantel test is independent of tree topology because it 
uses the distance matrices only.
Genetic distance data also provide a means to com pare the 
relative tim ing of cladogenic events and relative rates of genetic change 
betw een hosts and their parasites (Hafner et al., 1994; Hafner and  Nadler, 
1990). This comparison is accomplished by using linear regression to 
analyze the pair-wise distances between hosts and their associated 
parasites. The slope of the line describes the relationship of the relative 
rates of change between hosts and  parasites, and the y-intercept describes 
the relative timing of cladogenesis (Hafner and Nadler, 1990). Because
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genetic distance values lack statistical independence and are m easured 
with error, Model II regression analysis m ust be used (Sokal and  Rohlf, 
1981). I used reduced major axis regression which minimizes the sum  of 
areas of right triangles form ed by each data point to that of the fitted line.
The hypothesis of cospedation was also tested w ith the program  
COMPONENT (Page, 1994). This program  determines if the fit between 
observed trees for the hosts and  parasites is significantly better than the 
fit between the parasite tree and  10,000 randomized host trees. 
COMPONENT generates two statistics that measure goodness of fit, one 
based on the num ber of independent losses required to reconcile the two 
trees (Page, 1988), and the other (number of leaves added) equivalent to 
one-half the items of error (Nelson and Platnick, 1981). Unlike the 
Mantel test, COMPONENT tests the hypothesis of cospedation solely 
from tree topology and ignores amounts of change along each branch of 
the tree.
The population genetics and systematics of the Geomvs spedes 
induded in this study are reasonably well understood (Baker et al., 1989; 
Block and Zimmerman, 1991; Penney and Zimmerman, 1976). Thus, 
collecting localities in the present study (Fig. 2.1) were chosen to 
maximize information about louse genetics and phylogeny ( n > 15 lice 
per locality). Although the num ber of gophers sampled per locality was 
small, each gopher represents an entire population of lice. Archie et al. 
(1989) cautioned that small sam ples may decrease the stability of 
dendrograms calculated from allele-frequency data; however, they 
emphasized that certain data sets (those with low heterozygosities, allele 
frequencies generally near zero or one, and patterns of fixed or nearly
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fixed alleles unique to certain groups) were less prone to this potential 
source of error. Because the Geomvs data set (see Results and 
Discussion) shows all of these characteristics (see also Block and 
Zimmerman, 1991; Penney and Zimmerman, 1976), a dendrogram  
generated from these data likely would resemble a dendrogram  
generated from a larger data set.
Specimens exam ined.— Locality num bers (in parentheses) refer to 
the m ap (Fig. 2.1a). Geomvs breviceps sagittalis: (1) Louisiana: Vernon 
Parish, Fort Polk National Forest, 0.5 mi. N  Ranger Station (n = 3); (2) 
Texas: Jasper Co., 0.9 mi. S Kirbyville (n = 1); (3) Texas: Smith Co., 2.6 
mi. N  Lindale (n = 2). Geomvs breviceps breviceps: (4) Louisiana: 
Morehouse Parish, 3.1 mi. E Bastrop (n =2). Geomvs attw ateri: (5) 
Texas: Gonzales Co., 0.8 mi. S Ottine (n_= 2); (6) Texas: M edina Co., 1 
mi. SE Natalia (n = 2); (7) Texas: Bastrop Co., 4.9 mi. SE Bastrop (n = 2). 
Geomvs bursarius llanensis: (8) Texas: Gillespie Co., 9 mi. E 
Fredericksburg (n = 2). Geomvs bursarius texensis: (9) Texas: Mason 
Co., 2 mi. W Mason (n = 1). Geomvs bursarius m ajor: (10) Texas: Hood 
Co., 7.5 mi. N  Granbury (n = 1). T hom om vs bottae: New  Mexico: 
Socorro Co., San Acacia (n = 7). Subsamples of lice from each locality 
were identified based on morphological characters by R. D. Price without 
his prior knowledge of collecting locality or host species. Voucher 
specimens of lice are deposited in the Entomology Collection of the 
University of Minnesota. Pocket gopher specimens are housed in the 
M useum of N atural Science, Louisiana State University.
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Results and D iscussion
Allozym e analysis.— Twenty-four of 26 loci surveyed in Geomvs 
were polymorphic (Table 2.1), and 7 of 14 lo d  were polymorphic in the 
chewing lice (Table 2.2). All individuals of G. bursarius and G. texensis 
share a unique allele at the HK locus, and  individuals of both subspecies 
of G. texensis share unique alleles at two loci (PEP-B and MPI). 
Individuals of G. attw ateri are linked by shared unique alleles at the 
PALB and IDH-2 lo d , and the two subspedes of G. breviceps are linked 
by a unique allele at the PEP-D locus. G. b. breviceps (the isolated 
subspedes in northeastern Louisiana; locality 4 in Fig. 2.1a) has an 
autapomorphic allele at the PGD locus. These data indicate that thus 
subspedes is genetically and morphologically differentiated from other 
Geomys populations, and corroborate previous suggestions (Honeycutt 
and Schmidly, 1979; Lowery, 1974) that gene flow is reduced or absent 
between G. b. breviceps and other Geomvs populations.
The population of Geomvdoecus ew ingi hosted by G. b. breviceps 
(locality 4 in Fig. 2.1a) has a unique allele at the PEP-C locus (Table 2.2). 
This evidence, combined with the morphological findings of Timm and 
Price (1980), suggests that those populations of Geomvdoecus ewingi 
hosted by G. b. breviceps may represent a cryptic spedes. The two 
populations of G. heanevi are also separated by a fixed allele at the PEP-C 
locus and may be distinct species. Geomvdoecus subgeomvdis has a rare 
allele at the IDH locus not found in Geomvdoecus ewingi.
Geomvdoecus oklahom ensis has an autapom orphic allele at the ME
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Table 2.1. Allelic variation at 24 polymorphic loci in 10 populations of Geomvs and the outgroup, 
T hom om vs bottae. Numbers below taxon names refer to collecting localities (Fig. 2.1). 
Letters refer to allelic alternatives, and parenthetical values represent allele frequencies 
other than 100 percent.
Locus
breviceps
Species and locality
attwateri texensis bursarius
8 10 T hom om vs
ACON
AK
a-GPD
CK-1
CK-2
EST-D
FUM
Hb
HK
IDH-1
IDH-2
a b a  
c c c 
c c b  (0.25)
c (0.75)
d (0.67) d d (0.75)
c (0.33) 
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a
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a
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a
a
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a
a
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Table 2.2. Allelic variation at seven polymorphic loci in the chewing lice (Geomydoecus). Numbers 
below taxon names indicate corresponding host populations (Fig. 2.1 and Table 2.1). Letters 
refer to allelic alternatives, and parenthetical values represent allele frequencies other 
than 100 percent.
Locus
Geomvdoecus
ewingi
(1-3.6)
ewingi
(4)
subgeomvdis
(5.7)
heanevi
(8)
heanevi
(9)
oklahom ensis
(10)
centralis
EST a (0.5) a (0.5) a (0.5) a (0.5) a (0.5) a (0.5) c (0.63)
b (0.5) b (0.5) b (0.5) b (0.5) b (0.5) b (0.5) d (0.37)
FUM a a a a a a b
IDH a a a (0.9) a (0.8) a (0.8) a a
b(0.1) c (0.2) c (0.2)
ME b b b b b a b
PEP-C b d b a c c e
PGI a a a a a a b
XDH a a a a a a b
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locus and a synapom orphic allele at the PEP-C locus that links this 
species with Geomvdoecus heanevi from  locality 9 (Fig. 2.1a).
Com parison of distance m atrices.— Statistical comparison of the 
distance matrices of pocket gophers and chewing lice w ith the Mantel 
test (Mantel, 1967) yielded an r-value of 0.689, which was the highest 
value produced in the 1000 perm utations of the matrices. Thus, the 
probability of random  association between these two independent 
matrices is remote (P < 0.001). This is direct statistical evidence for 
w idespread cospedation in this assemblage (Hafner and Nadler, 1990). 
W hen the matrices are compared graphically (Fig. 2.2), the array of 
points suggests a line w ith a negative y-intercept (-0.068). A negative y- 
intercept is expected to occur in cases of "delayed cospedation" (Hafner 
and Nadler, 1990:194), wherein spedation events in the parasites occur 
subsequent to spedation  events in their hosts. Although the slope of 
the line (0.689) is slightly less than 1.0, which suggests greater rate of 
change in the hosts, this may be an artifact of the larger number of loci 
sam pled for the hosts.
Tree estim ation .-- The PAUP analysis generated two minimum- 
length trees for the pocket gophers, each with 83 steps and a consistency 
index (Cl) of 0.697 (exduding uninformative characters). There were 22 
trees with one additional step, and 51 trees w ith two additional steps. 
The PAUP tree topologically identical to the UPGMA tree (Fig. 2.3) had a 
length of 85 steps and a Cl of 0.657. W hen input as user trees in a 
FREQPARS analysis, the two shortest PAUP trees had lengths of 71.50 
steps, whereas the UPGMA tree (Fig. 2.3) contained 71.22 steps. Thus, 
the UPGMA tree is at least as parsimonious as either of the two shortest
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a. POCKET GOPHERS b. CHEWING LICE
attwateri (5)
attwateri (6)
subgeomydis
(5,7)
attwateri (7) 
breviceps (1)
V> ewingi —1 
(1,2,3,6)
ewingi (4) mmmmi
breviceps (3) 
breviceps (4)
breviceps (2) 
texensis (8) .
Geomys
Geomydoecus
heaneyi (8)
texensis (9) . heaneyi (9)
bursarius (10) oklahomensis (10)
Thomomys
bottae centralis
I — 0 -----1------1------1------1------ 1____________________________________________ I____ I____I____I____I___^ ___|
0.72 0.32 0.16 0.00 0.00 0.16 0.32 0.72
ROGERS' GENETIC DISTANCE ROGERS' GENETIC DISTANCE
Figure 2.3. UPGMA phenograms for pocket gophers (a) and chewing lice. Associated hosts and parasites are 
connected with dashed lines. Numbers refer to the m ap (Fig. 2.1).
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PAUP trees when analyzed by FREQPARS. The single shortest tree 
generated by FREQPARS (using its ow n tree-building algorithm) 
contained 71.72 steps. Hence, the combined use of PAUP and 
FREQPARS (Page, 1990) yields shorter trees than does FREQPARS alone, 
and is less time consuming than the m anual-rearrangem ent m ethod 
suggested by Swofford and Berlocher (1987).
The topology of the UPGMA tree for pocket gophers (Fig. 2.3) 
agrees with that of the parsimony tree described by Block and 
Zimmerman (1991), which was based on larger sample sizes.
Phenetically, G. breviceps is most similar to G. attwateri. w ith an average 
Rogers’ (1972) genetic distance of 0.206 betw een the two taxa. The 
bursarius cluster is an average distance of 0.290 from the other 
populations of Geomvs surveyed. The three major clusters in the 
UPGMA tree correspond to species groups identified in previous 
systematic studies. For example, each of the three chromosomal and  
morphological races identified by H oneycutt and Schmidly (1979), and  
subsequently elevated to species status by  Bohlin and Zimmerman 
(1982) and Tucker and Schmidly (1981), appear to be monophyletic. Also 
consistent w ith previous studies, the attw ateri and breviceps groups 
appear to be sister lineages (Block and Zimmerman, 1991; H oneycutt and 
Schmidly, 1979).
PAUP analysis of the chewing louse data yielded four trees w ith a 
m inim um  length of 20 steps and a Cl of 0.750 (excluding uninform ative 
characters). One of these trees was topologically identical to the tree 
generated in the UPGMA analysis (Fig. 2.3). The PAUP analysis 
generated 21 trees with one additional step, and 63 trees with two
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additional steps. When the four shortest PAUP trees were input as user 
trees in a FREQPARS analysis, two w ere found to contain 18.6 steps and 
two contained 19.0 steps. The PAUP tree that was topologically identical 
to the UPGMA tree (Fig. 2.3) was one of the two shorter trees (18.6 steps). 
The single shortest tree generated by  FREQPARS (using its own tree- 
building algorithm) contained 19.0 steps.
The UPGMA tree for the chewing lice (Fig. 2.3) is consistent with 
the m orphology-based phenogram presented by Timm and Price (1980), 
with the exception of the placement of the Geomvdoecus ewingi 
population from  locality 4. W hereas most populations of Geomvdoecus 
ew ingi (localities 1 ,2 ,3 , and 6) are genetically similar to Geomvdoecus 
subgeomvdis, the ewingi population from locality 4 lies outside this 
group (Fig. 2.3). Timm and Price (1980) also found Geomvdoecus ewingi 
to be most similar to Geomvdoecus subgeomvdis. and they determ ined 
that G. heanevi is m ore similar morphologically to lice in the ewingi- 
subgeomvdis group than heaneyi is to G. oklahom ensis (Fig. 2.3). 
Recognition of the ewingi louse population from locality 4 as a distinct 
species (which is supported by protein data [this study] and suggested by 
morphological evidence [Timm and Price, 1980]) would remove the 
apparent paraphyly of Geomvdoecus ew ingi evident in Fig. 2.3.
Tree com parison.-- The host and  parasite trees (Fig. 2.3) are 
similar, bu t not identical. In one case, Geomvdoecus ewingi (locality 6) 
appears to have switched from its original host (G. breviceps) to a new 
host (G. attw ateri). Alternatively, presence of Geomvdoecus ew ingi may 
be a shared-prim itive feature of G. breviceps and population 6 of G. 
attw ateri. One of Manter's (1955) rules of parasitism  states that if the
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same or two closely related spedes of host exhibit a disjunct distribution 
and possess sim ilar parasite faunas, then the areas in which the hosts 
occur m ust have been contiguous at some time in  the past. Using this 
reasoning, I postulate that the common ancestor of G. attw ateri and G. 
breviceps was once w idely distributed throughout the study area and 
hosted only one spedes of louse. When the G. attw ateri and G. 
breviceps lineages split, Geomvdoecus ewingi persisted on most 
populations of G. breviceps and on certain populations of G. attwateri in 
south-central Texas (Fig. 2.1b). The louse subgeomvdis evolved 
subsequent to the divergence of G. breviceps from G. attwateri. and is 
now locally extinct in population 6 of attwateri or w as unsam pled in this 
and previous studies of Geomvs lice. The ewingi population from 
locality 4 is most likely spedfically distinct from other ewingi 
populations (based on protein and morphological evidence) and would 
appear to represent a relict lineage of lice unique to  the population of G. 
breviceps isolated in northeastern Louisiana.
Statistical comparison of the tree topologies (Fig. 2.3) using 
COMPONENT (Page, 1994) yielded very low probabilities of random 
assodation. To reconcile the host and parasite trees, 11 losses are needed 
or 28 leaves m ust be added (56 items of error). A m ong the 10,000 
randomly generated host trees, only 25 had equal o r fewer independent 
losses (P=.0025) and  50 had equal or fewer leaves added  (P=.005). 
Therefore, the null hypothesis of random  assodation is falsified, and the 
hypothesis of cospedation is supported strongly by these data.
The high degree of topological similarity betw een the gopher and 
louse trees (Fig. 2.3), together with the nonrandom  assodation of the
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two genetic-distance matrices, documents a history of widespread 
cospedation in this host-parasite assemblage. Regions of discordance in 
the trees can be explained by host-switching by the parasites, retention of 
ancestral parasite taxa on recently evolved host taxa, or poorly 
delineated taxonomic boundaries. A similar study restricted to host 
spedes of the genus T hom om vs revealed little evidence of cospedation 
(S. A. Nadler, pers. comm.). However, in a study focused at higher 
taxonomic levels, H afner and Nadler (1988) reported considerable 
concordance betw een gopher and louse phylogenies. Together, these 
findings suggest that studies of cospedation focused at lower taxonomic 
levels (e.g., studies a t the intraspecific level in the hosts) are likely to 
encounter problems assodated  with reticulate evolution of host taxa 
(hence, mixing of parasite lineages) and retention o f ancestral 
("plesiomorphic") parasite taxa on recently evolved host lineages. In 
contrast, studies focused at higher taxonomic levels (generally above the 
spedes level in the host) are more likely to find evidence of cospedation 
because host lineages have been isolated genetically (often, 
geographically) for long periods of time and, given sufficient time, 
chance extinction of parasite lineages will lead inevitably to reciprocal 
monophyly of parasite lineages on sister taxa of hosts (analogous to 
"lineage sorting" of m tD N A  haplotypes; Avise et al., 1984).
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CHAPTER 3
A TEST OF THE MATERNAL TRANSMISSION HYPOTHESIS
The life histories of chewing lice and pocket gophers suggest that 
lice are transm itted primarily from m other to offspring (Chapter 1). 
Observational data on chewing louse populations also suggest a 
maternal m ode of transmission (Rust, 1974). Herein, I test the 
hypothesis that lice are maternally transm itted by using an indirect 
approach that compares the distribution of louse populations to the 
distribution of pocket gopher m itochondrial DNA (mtDNA) haplotypes. 
With few exceptions (Gyllensten et al., 1991), mtDNA is known to be 
maternally inherited in mammals (Brown, 1983). Thus, if lice are 
transmitted among pocket gophers exclusively from mother to 
offspring, then the distribution of chewing louse populations should 
mirror that of the mtDNA haplotypes of their hosts.
The study site (Fig. 3.1) is located at a narrow constriction of the 
Rio Grande valley near San Acacia, N ew  Mexico. At this narrow  
constriction, two highly differentiated subspecies of pocket gophers 
(Thomom vs bottae connectens and X- b- opulen tus ) come into contact 
and hybridize (Smith et al., 1983). Pocket gophers on opposite sides of 
the constriction exhibit striking allozymic differentiation, w ith genetic 
distances exceeding those found betw een m any pairs of m am m alian 
species (Smith et al., 1983; Demastes, 1990). Morphological and 
chromosomal differentiation is also m arked (Smith et al., 1983). Gene 
flow between the two populations is severely restricted because of
29
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'olvadera
San Antonio 20 km 
San Mar dal 60 km
Figure 3.1. Collecting localities (num bers) a t the  San Acacia
Constriction. D istribution of Thom om vs bottae  connectens 
an d  T. b. opulentus (inset).
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limited suitable habitat at the constriction that results in low  density of 
pocket gophers near the constriction.
The two subspecies of pocket gophers that m eet at the San Acacia 
constriction host two different species of chewing lice of the genus 
Geomvdoecus (Price and Hellenthal, 1981). An earlier study revealed 
that the chewing lice, unlike the pocket gophers, do not meet precisely at 
the constriction (Demastes, 1990). The northern species of louse (G. 
aurei) comes in to  contact w ith the southern species (G. centralis) 3 km 
south of the m idpoint of the gopher contact zone (locality 4 on Fig. 3.1). 
There is no evidence of hybridization between the two louse species 
(Demastes, 1990). Thus, gophers from localities 2 and 3 (Fig. 3.1) are 
southern individuals hosting northern lice. This situation presents an 
ideal opportunity to study the transmission of lice am ong pocket 
gophers.
In addition to examining the mode of chewing louse 
transmission, the San Acacia zone also presents an  interesting 
opportunity to study  the history of a zone of secondary contact. Smith et 
al. (1983) concluded that the gopher contact zone a t San Acacia 
conformed to a m odel of secondary contact. A lthough Smith et al. 
examined the zone from  multiple perspectives (allozymes, morphology, 
and karyology), their data d id  not permit developm ent of hypotheses 
pertaining to o ther aspects of the history of this zone, including possible 
cline movement. Because the contact zones of the pocket gophers and 
the chewing lice are geographically disjunct, m ovem ent of one or both 
of the zones is strongly suggested.
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For clarity of discussion the zone is d ivided into three regions: 
region A (Fig. 3.2) contains only northern gophers (Thom om vs bottae 
connectens) parasitized by northern lice (Geomvdoecus aurei): region B. 
contains only southern pocket gophers (T. b. opulentus) parasitized by 
southern lice (G. centralis): and region C contains only southern gophers 
parasitized by  northern lice. All louse and  gopher identifications were 
m ade through the use of diagnostic allozyme m arkers (Smith et al., 1983; 
Demastes, 1990). If the maternal transmission hypothesis is to be 
supported, then the gophers in region C (hosting northern lice) should 
exhibit m tDNA haplotypes that are also characteristics of the northern 
gophers in region A.
Materials and M ethods
Carcasses of freshly captured specimens were exposed to 
chloroform for 3-5 m in to facilitate collection of ectoparasites by 
brushing the pelage. Whole lice and tissue samples of pocket gophers 
were frozen im m ediately in liquid nitrogen. Pocket gophers were 
characterized as to their nuclear DNA and chewing louse population 
identities based on diagnostic allozyme lo d  (Smith, et al., 1983;
Demastes, 1990).
MtDNA was purified from liver tissue by ultracentrifugation in 
cesium chloride gradients (Lansman et al., 1981). The resulting closed- 
circular m tDNA was then digested by one of ten restriction enzymes: 
A vail. BamHT, Bell. EcoRL H in d i. H indlH. N de l. PstI, StuI and Xhol. 
These enzymes have six-base recognition sequences, w ith the exception 
of AvaH. w hich has five. The resulting fragm ents were end-labeled with 
35S radionuclides and separated in agarose gels (0.8%). Restriction
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Figure 3.2. Diagramatic depiction of the San Acacia contact zone. Northern gophers hosting
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in area B; and southern gophers hosting northern lice are found in area C. OJOJ
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fragments were visualized by autoradiography of vacuum -dried gels and 
compared to a 1-kb standard (Bethesda Research Laboratories, 
Gaithersburg, MD, USA). Individuals sharing a unique combination of 
fragment patterns for the suite of all ten restriction enzymes were 
designated as a haplotype. Restriction sites w ere inferred from the 
fragment data (Dowling e t al., 1990) and used in subsequent analyses. 
Estimated percent sequence divergence betw een haplotypes (8) was 
calculated with the m ethod of Nei and Tajima (1983).
Phylogenetic analyses were used to test the monophyly of mtDNA 
haplotype groups. Inferred restriction sites were treated as discrete 
characters and analyzed w ith both maximum-likelihood (Felsenstein, 
1993) and parsimony (Swofford, 1993) m ethods. The g i statistic was 
calculated and used to examine the data set for presence of phylogenetic 
signal (Hillis and Huelsenbeck, 1992).
Specimens exam ined.—Numbers in parentheses refer to localities 
(Fig. 3.1), and letters refer to the general region of the contact zone (Fig. 
3.2). (1-A) NEW MEXICO: Socorro Co., 3.5 mi. S La Joya, west side of Rio 
Grande (n=6); (2-C) NEW MEXICO: Socorro Co., San Acacia, (n=4); (3-C) 
NEW MEXICO: Socorro Co., 0.7 mi. S, 0.2 mi. E San Acacia (n=l); (4-B) 
NEW MEXICO: Socorro Co., 2.0 mi. N, 0.5 mi. E Polvadera (n=2). 
Additional specimens exam ined from region B were collected 30-50 
miles south of the contact zone to insure m inim al genetic introgression 
from the northern subspecies of gopher. These localities (not depicted in 
Figure 3.1) are: NEW MEXICO: Socorro Co., San M artial (n=l); and 
NEW MEXICO: Socorro Co., San Antonio (n=2). The outgroup in the 
phylogenetic analyses was Thom om vs um b rin u s (MEXICO: MEXICO; 34
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km  E Zitacuaro, Bosencheve). Voucher specimens of lice are deposited 
in the Entomology Collection of the University of Minnesota. Pocket 
gopher specim ens are housed in the M useum  of N atural Science, 
Louisiana State University.
Results and D iscussion
Allozyme data confirmed that the pocket gophers exam ined from 
region A w ere of the northern subspecies, and individuals from regions 
B and C belongs to the southern subspecies. Electrophoretic 
exam ination of individual chewing lice from  these pocket gophers 
(region A, n  =64; region B, n =74, and region C, n =94) confirmed that the 
pocket gopher individuals from regions A and C hosted northern lice 
and gophers from region B hosted southern lice.
Twelve of the 13 restriction enzymes revealed fragment variation 
(Table 3.1). Individuals with identical fragm ent patterns for all twelve 
enzymes w ere assigned the same mtDNA haplotype. Excluding the 
outgroup, 10 unique haplotypes were revealed (Table 3.2). A cursory 
examination of Table 3.2 is sufficient to see the marked differences in 
fragment pa ttern  between the regions examined. These fragm ent 
patterns w ere used to map 61 individual restriction sites. All subsequent 
analyses are based on these site data.
Estimates of percent sequence divergence coincide w ith w hat is 
obvious by visual examination of Table 3.2. Average sequence 
divergence is approximately 0.5% within each region and between 
regions B and  C (Fig. 3.2). However, sequence divergence between 
regions B-C and A is 4.88%. Importantly, the haplotype groups indicated
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Table 3.1. Length estimates for fragments of each Thom om vs specimen examined. Total estimated 
genome size is given at the bottom of each column. Letters refer to haplotype designations 
assigned to each fragment profile.
AVA I AVA II BAM HI BCLI BGLI BGLII
A B C A B C D A B A B C A B c A B C
7.1 11.8 10.0 9.0 8.1 9.0 9.0 7.0 10.0 5.1 5.1 7.5 17.0 9.2 6.0 9.5 9.5 17.0
5.2 5.2 5.2 2.7 4.2 4.2 2.3 5.2 3.2 4.1 4.1 5.1 7.1 2.5 7.5 4.0
4.7 1.8 2.2 2.2 2.2 2.0 3.1 2.1 3.1 3.1 1.1 0.7 2.5 3.5
1.5 0.9 0.9 1.5 1.4 1.4 1.3 2.8 2.0
0.9 0.9 0.5 0.9 1.3 0.9 1.8
0.5 0.5 0.6 0.7 0.7 1.1
0.5 0.6 1.1.
0.25
0.25
17.0 17.0 17.0 16.8 16.8 16.8 16.8 16.7 16.7 16.7 16.7 16.7 17.0 17.0 17.0 17.0 17.0 17.0
(table con'd.)
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Table 3.2. Eleven mtDNA restriction-fragment patterns revealed in a survey of pocket gophers, 
Thomomvs bottae and the outgroup, T. um brinus. For each haplotype, fragments 
are listed in the same sequence as in Table 3.1. Zone regions refer to Figure 3.2.
Haplotvpe Fragment Patterns
Locality 
(Zone Region)
1 BBBBBCBABCAAB A
2 BBBBCCBABBAAB A T. b. c o n n e c te n s
3 BBBBBCBABBAAB A
4 AAAAAAAACAAAA C
5 ACAAAACAAABAA C
6 AAAAAAAAAAAAA C
7 AAAAAAAAADBAA C T. b. o p u len tu s
8 AAAAAAAAAABAA B
9 AAAAABABAABAA B
10 ADAAAAAAAABAA B
11 CB-C— DCD-AB- outgroup T. um brinus
GJ
00
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by these distances (B-C, and A) m ust be monophyletic to test the 
m aternal transmission hypothesis (this becomes obvious if the 
phylogenetic tree is draw n w ith the root placed w ithin any of the three 
regions).
Analysis of the restriction-site data produced a g l statistic of -0.88, 
that indicated parsimony analysis of this data yields a significantly 
(P<0.01) skewed distribution of trees exhibiting very few alternate 
topologies among the shorter trees found. The parsimony analysis 
yielded 11 trees with lengths of 18 steps. All trees depicted two major 
m onophyletic dades: B+C and A (Fig. 3.3). Maximum-likelihood 
analysis also depicted each of these dades as monophyletic. Therefore, 
the pocket gopher mtDNA cline is concordant w ith the nuclear DNA 
dine. Because gophers in region C exhibit southern mtDNA haplotypes 
but host northern lice, the strict m aternal transmission hypothesis is 
falsified. In other words, the distribution of the louse populations does 
not m irror that of pocket gopher m tDNA haplotypes. Therefore, it is 
unlikely that the two were transm itted in the same m anner (i.e., 
m aternally).
Smith et al. (1983) conduded that the pocket gopher contact zone 
at San A cada was a zone of secondary contact that formed at the 
constriction during the late Pleistocene. Because the two pocket gopher 
taxa a t the hybrid zone are not sister taxa (Smith et al., 1983; Demastes, 
1990), this is dearly a case of secondary contact. However, both the date 
of form ation and the exact location of contact may not have occurred as 
Smith et al. (1983) presumed.
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Figure 3.3. A strict consensus tree of haplotypes of Thomomvs bottae and the outgroup
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Before the Rio G rande became a controlled river, it was subject to 
annual spring flooding. The m ost recent major flood occurred in 1929 
(Poulson and Fitzpatrick, 1929). At that time, flooding in the San Acacia 
area was severe. Flood waters sw ept through the town and deposited 
several inches of sedim ent where the chewing louse contact zone is now 
located. Clearly, the narrow  band of suitable gopher habitat w ithin the 
constriction (approximately 300 m wide) would have been inundated by 
swiftly moving flood waters, killing the large majority of gophers in the 
region. Because of the cyclic nature of these floods (Machette, 1978), the 
pocket gopher hybrid zone could have been destroyed and reform ed 
m any times through the years, w ith the most recent form ation of the 
zone occurring in 1929. The w idth of the pocket gopher d ine (5 km; 
Endler, 1977) is also consistent with the idea of a relatively recent 
(within 70 years) formation of the zone (Hafner et al., in prep).
The data presented in this study add two new lines of evidence 
that Smith et al. (1983) d id  not have at their disposal when considering 
the position of the initial hybrid zone: parasite distributional data and 
host m tDNA haplotype data. The parasite distributional data, coupled 
w ith the mtDNA data for the hosts, enable construction of three testable 
hypotheses relating to the past dynamics of this contact zone. All three 
hypotheses involve m ovem ent of one or more of the dines, including 
host n u d ear DNA, mtDNA, and parasite dines.
Hypothesis 1 states that the initial contact between the two 
subspecies of pocket gophers (hence, their chewing lice) occurred at the 
present-day constriction. Subsequently, the parasite contact zone has 
m oved southward, while the host dines (both nuclear and
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mitochondrial) have rem ained stationary at the constriction. The 
northern louse, G. aurei. could have dispersed southw ard by host-to- 
host transmission or simply have been carried through the constriction 
by a single host individual. According to this hypothesis, the continued 
m ovem ent of G. aurei southw ard (presumably because o f competitive 
superiority) should approximate the rate of gopher gene flow if louse 
transmission is associated w ith host reproductive events. Consistent 
w ith this hypothesis, a single hybrid  host individual has been detected at 
the louse contact zone, which indicates that the southern boundary of 
the northern host alleles seems to be roughly coincident w ith  the 
southw ard extension of the northern  lice.
Hypothesis 2 states that the host clines (nuclear and  mtDNA) 
have m oved northw ard, whereas the parasite cline has rem ained 
stationary. This hypothesis suggests that the original site of contact for 
both hosts and  parasites is m arked by the present site of the parasite 
contact zone (3 km south of the constriction). After initial contact, the 
host nuclear DNA cline was "attracted" toward the narrow  constriction 
by genetic swam ping (Brues, 1972; Nagylaki, 1975; Endler, 1977). This 
attraction, however, would not have affected non-M endelian characters, 
such as the parasites or the host mtDNA. Thus, to account for the 
present position of the mtDNA cline a t the constriction, I m ust assume 
that northern mtDNA haplotypes once present south of the zone 
(region C, Fig. 3.2) are now absent or were unsampled in this study. 
Because of the unusual transmission genetics of mtDNA, stochastic loss 
of haplotypes can occur rapidly, especially in organisms (such as pocket 
gophers) that experience frequent population bottlenecks (Avise et al.,
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1984; Hafner et al., 1987; Daly and Patton, 1990). Because it is likely that 
individuals w ith northern  mtDNA haplotypes w ere relatively 
uncommon south of the constriction, local extinction of northern 
mtDNA haplotypes in  this region is likely, if no t inevitable.
The third hypothesis states that both the host and parasite dines 
have moved northw ard. The parasite cline has yet to reach a point of 
equilibrium  at the constriction and is still m oving northward, possibly 
because of competitive superiority of the southern lice. If nonmatemal 
transmission of chewing lice is rare, then direct competition between the 
two louse taxa m ay likewise be rare, which means that movement of the 
louse contact zone m ay be slower than m ovem ent of the genetic dines 
of the hosts.
All three hypotheses can be tested by additional studies of zone 
movement. Spetim ens have been collected from  the zone of contact 
between the spedes of chewing lice on two dates, April 1991 (see Chapter 
4) and May 1996. Protein electrophoresis of the chewing lice is currently 
underw ay and will indicate the nature of any contact zone movement if 
present (Demastes et al., in prep.). If the parasite cline is moving, then 
hypothesis 2 is falsified, and  the direction of m ovem ent will falsify one 
of the two remaining hypotheses (i.e., hypothesis 1 predicts southward 
movem ent, whereas hypothesis 3 predicts northw ard  movement of the 
zone).
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CHAPTER 4
POCKET GOPHER DEMOGRAPHY AND LOUSE TRANSMISSION
ON A m ic r o s p a t t a l  SCALE
Falsification of the strict m atem al-transm ission hypothesis leaves 
three possible alternative mechanisms for louse transmission, two of 
which rem ain w ithin the fram ework of existing dogm a (i.e., louse 
transmission is dependent upon gopher genealogy), and a third that 
involves processes independent of gopher genetics or mating schemes. 
These three hypotheses relating to the mechanism of louse transmission 
are discussed in more detail below.
Hypothesis L-Chew ing lice are passed predom inantly from 
mother to offspring. Some degree of "leakage" occurs when lice are 
passed from the father to the offspring. These lice may be passed directly 
from the father to the offspring, if the father visits the nest after birth (as 
suggested by Reichman et al., 1982), or they m ay be transferred to the 
mother during  m ating and subsequently passed to the offspring. This 
hypothesis suggests that most offspring will host louse populations 
derived from their mother's population, but it also allows for offspring 
to have louse populations derived solely from their father, or 
populations of lice derived from both the m other and the father (mixed 
populations). Importantly, this kind of paternal transfer is detectable 
only if the father is host to a different type of louse than is the mother.
Hypothesis 2.~Chewing lice are passed predom inantly from 
mother to offspring, but lice are occasionally passed from unrelated 
hosts to the offspring. In this case, offspring that do not host the
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
m other’s lice acquire their lice directly from encounters w ith unrelated 
gophers or from  the abiotic environm ent (burrows and nests). 
Importantly, the gopher-louse communities resulting from  this process 
would appear identical to those resulting from the process described by 
hypothesis 1 if the relatedness betw een individual gophers is not 
known. A fine-scale genetic analysis of neighboring gophers w ould be 
required to distinguish between hypotheses 1 and 2.
Hypothesis 3.—The identity of the louse population on a newly 
colonized gopher is independent of the gopher's genealogy. According 
to this hypothesis the eventual identity  of an unborn gopher's louse 
population cannot be predicted reliably, based on knowledge of either of 
the parents' louse populations. This hypothesis departs from the 
conventional idea that the high degree of similarity betw een gopher and 
louse phylogenies results directly from  louse transmission along 
genealogical lines of gophers (e.g., N adler and Hafner, 1990).
Accordingly, a gopher may receive lice from either or both parents, but 
an individual has a much greater probability of receiving lice from an 
unrelated host.
The key to testing each of these three hypotheses of louse 
transmission is determining pocket gopher genealogies on a micro- 
spatial scale (i.e., determining host pedigrees) and m apping louse 
populations onto these genealogies. For this m ethod to be successful, an 
appropriate study site must be identified, and a genetic technique with 
the appropriate resolving power, such as DNA fingerprinting (Jeffreys et 
al., 1985), m ust be used to determine the relatedness of individual pocket 
gophers.
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Materials and Methods
Study site and  collection of specim ens.—The study site is the area 
of contact between two louse species (Geomvdoecus aurei and G. 
centralis), located in  a series of three alfalfa fields along the Rio G rande 
near San Acacia, N ew  Mexico (locality 4, Fig. 3.1). This site is ideal for 
the study of louse transm ission because large num bers of gophers are 
available and because the two species of lice present can be distinguished 
based on fixed allelic m arkers (Chapter 3; Demastes, 1990). Fifty-eight 
pocket gophers were collected from locality 4 (Fig. 3.1; Fig. 4.1) during a 
two-day period (21-22 April 1991). Carcasses of freshly captured pocket 
gophers were exposed to chloroform for 3-5 m in to facilitate collection of 
ectoparasites, which was accomplished by vigorous brushing of the 
pelage of the gopher. Whole lice and tissue samples of pocket gophers 
were frozen imm ediately in liquid nitrogen.
Analysis of louse populations.—The species composition of the 
Geomvdoecus population from each pocket gopher was determined 
using PGI as a diagnostic allozyme locus (Demastes, 1990). Twenty 
individuals of Geomvdoecus were sampled from each gopher. If the 
entire population of lice num bered less than 20, then all available 
individuals were used. Allozyme electrophoresis followed the protocol 
described in Chapter 2. Finally, the louse fauna of 12 gophers was 
surveyed exhaustively w ith respect to genus (Geomvdoecus or 
Thom om vdoecus). relative age, and sex. This detailed survey was 
accomplished by visual inspection under a microscope.
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Figure 4.1. Collecting localities for the 57 Thomomvs bottae
(and their chewing louse populations) captured at the 
zone of contact between chewing louse species.
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Analysis of pocket gophers.—The exact location of each gopher 
trapped was plotted on a 7.5 m inute topographic map. After the skulls 
were prepared, the age of each specimen was determined according to 
the methods of Hendrickson (1972). The age categories and 
characteristics associated w ith each are given below.
Juvenile: Deciduous prem olars, or if perm anent prem olar present, 
prem olar below elevation of remainder of toothrow; 
temporal ridges absent; bones of cranium porous and not 
fused; juvenile pelage (gray).
Young: Perm anent prem olars functional; temporal ridges absent or
faint; exocdpital-supraocdpital and basisphenoid- 
basioccipital sutures unfused; bones of cranium  porous; 
juvenile pelage or m olt in progress.
Subadult: Temporal ridges present; some bones of cranium  still 
porous; exoccipital fused with supraocdpital, but 
basisphenoid not fused with basiocdpital; adult pelage.
Adult: All cranial sutures well fused; adult pelage (brown).
In addition to age, the reproductive history of females was 
determined by examining the reproductive tract for evidence of birth 
and degree of dosure  of the pubic symphysis. Females exhibiting no 
evidence of giving birth were exduded  as possible mothers in  maternity 
analysis for imm ature gophers. Information on the age and 
reproductive history, coupled w ith collection-locality data, was used to 
delineate probable groups of related gophers for DNA fingerprint '  
analysis.
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All gophers from the study site w ere examined through the use of 
diagnostic lo d  (Smith et al., 1983) and m tDNA RFLPs (Chapter 3) to 
insure that each possessed the southern genotype for both nuclear and 
mitochondrial genomes. The diagnostic allozyme lo d  were adenylate 
kinase and 6-phosphogluconate dehydrogenase (Smith et al., 1983). 
Allozyme electrophoresis followed the m ethods described in Chapter 1. 
Diagnostic m tDNA restriction sites were identical to those listed in 
Chapter 3, as w ere the RFLP protocols followed for this analysis.
Genetic relatedness of host individuals was determ ined by use of 
nuclear-DNA fingerprinting techniques (Jeffreys et al., 1985). The 
pedigrees of pocket gophers based on these data allows direct comparison 
of louse populations among gophers know n to be genetically related. 
Although fingerprint data should be used cautiously in demographic 
studies (Lynch, 1991), these data also perm it observation of fine-scale 
population structure and dynamics (e.g., differential m ating success 
among males) tha t have not been observed previously in pocket gopher 
hybrid zones using  other techniques. The usefulness of high-resolution 
genetic analysis has been demonstrated in  several studies of bird 
populations (e.g., Burke and Bruford, 1987; W etton et al., 1987; Westneat, 
1990; Longmire e t al., 1991).
For DNA fingerprint analysis, 0.3 g  of kidney tissue was chopped 
into a 15 ml polypropylene centrifuge tube w ith 2.5 ml of lysis buffer (0.1 
M Tris pH  8.0, 0.1 M EDTA, 0.01 M NaCl, and  0.5% SDS). Proteinase K 
was added (2.5 mg) and the capped tube was incubated on a rocker at 
37'C overnight. DNA was then extracted by using an equal volume of
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high-quality purified phenol saturated w ith TE (0.01M Tris-HCl pH  8.0, 
0.001M EDTA). This extraction step lasted 60 m in a t 37*C on a rocker 
followed by centrifugation at approxim ately 800 x g  for 10 min, or until 
the supernatant appeared clear. The supernatant was then rem oved and 
added to a new  15-ml tube w ith  an equal volume of phenol-chloroform- 
isoamyl alcohol (PCI, 25:24:1). The solution was m ixed by inverting and 
centrifuged as above. This PCI step was then repeated. To precipitate the 
DNA, 0.1 volum e (0.25 ml) of 3 M sodium  acetate w as added to the 
supernatant along with 5 ml of ice-cold absolute ethanol. The sample 
was inverted several times and placed in a -20'C freezer for one hour to 
overnight. The precipitated DNA was spooled onto a glass rod, rinsed 
w ith ethanol and allowed to d ry  for 3 - 5 min. The DNA was then 
dissolved into purified, distilled water. The am ount of w ater used 
varied w ith the visible size of the DNA, but was kept to a m inim um  to 
insure a h igh concentration of dissolved DNA. The final product was a 
viscous, clear liquid ranging from 50 - 200 pi. Two pi of each new extract 
was run  on  a 1% agarose mini-gel, stained with ethidium  bromide, and 
photographed to inspect the genom ic DNA for degradation.
Degradation appeared in the form  of long streaks on the gel. Normal 
yield of DNA ranged from 1.0 p g /  pi to 2.0 p g / pi. This extraction 
m ethod w as modified from Longmire et al. (1992) and was the only 
m ethod tried that produced DNA of sufficient quantity and quality to 
allow for reliable fingerprinting from  the gopher tissues.
For restriction digests, 20 - 30 pi of extracted DNA was added to 1.0 
pi RNAse A, 5.0 pi Hae ID, 5.0 pi of lOx buffer. The final volume was 
brought to 50 pi using water. The digestion mixture was mixed with a
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pipette and incubated in a w ater bath a t 37'C for 2 hr. After incubation, 
an  additional 5.0 jj.1 of restriction enzym e was added, mixed, and allowed 
to incubate for 1 - 2 hr. The cut DNA was then rim  on a test gel along 
w ith  other samples that were to be ru n  on the same fingerprint gel. This 
test gel was used to determ ine if the sam ples were completely digested 
and if each of the samples w ere of equivalent concentrations. A 
properly cut sample appears as a uniform, hazy streak on the stained gel. 
The presence of any nonuniform ity indicated incomplete digestion, and 
the sample was subjected to another bout of digestion (2 jj.1 Hae HI) and 
rerun  on a new test gel. W hen all sam ples were completely digested, the 
amounts of the samples loaded on the test gel were varied to attain an 
equal concentration of DNA in each sample. This was accomplished 
through visual inspection of the brightness of each stained sample on 
the gel.
Digested DNA (6 -8  |ig) was rim  on an 0.8% agarose gel (30 cm 
long) at 55 V for approximately 40 hr along with a 1 kb ladder. Because 
of the lack of a buffer circulator, the TBE buffer was changed after the 
first 20 hr. After electrophoresis, the gel was washed in add-nick 
solution (0.25 M HCL) for 10 min, denaturing solution (1.5 M NaCl, 0.5 
M  NaOH) for 20 min, and neutralizing solution (0.5 M Tris, 1.5 M NaCl, 
p H  7.5) for 20 min. The DNA was then transferred to a nylon 
m em brane (Hybond N+, Am ersham  International, Amersham,
England) by using a vacublotter and 10 x SSC for 45 min. The nylon 
membrane was then rinsed in 5 x SSC (5 min) and baked at 80’C for 2 
hr. The membrane was then prehybridized overnight in a hybridization 
oven (65’C) using W estneat’s prehybridization/hybridization solution
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(7% SDS, Im M  EDTA pH  8.0, 0.263 M N a2HP0 4  and 1% bovine serum  
albumin - fraction V; W estneat e t al., 1988). The per probe (M2.5RI; Shin 
et al., 1985) was labeled using standard random-primer labeling 
techniques (Feinberg and Vogelstein, 1983) and used to detect 
minisatellites w ithin the cut DNA. The P32-iabeled probe (circa 50 ng) 
was added to fresh prehybridization solution, which was used to replace 
the used solution in the hybridization bottle. Hybridization was carried 
out overnight. The probed m em brane was washed 3 times (2 x 15 min, 1 
x 30 min) in a 2 x SSC 1.0 % SDS solution. The membrane was then 
placed on photographic film for 6 hr to 5 days.
DNA from  each gopher was run  a minimum of two times, and in 
most cases, next to several different gophers. This allowed for 
comparison of each individual to more than the 16 other individuals 
that could be loaded on a single gel. Therfore, seven groups of gophers 
were analyzed, w ith each group having some members in common 
with one or m ore other groups (see Appendices).
Data analysis.—The three hypotheses of chewing louse 
transmission were tested using two different approaches. The first 
approach involved examining the relationship between species 
composition of chewing louse populations and spatial orientation of the 
gophers they w ere inhabiting. This was accomplished by assigning each 
gopher (hence its louse population) a precise locality using Cartesian 
map coordinates (X,Y). A lthough this system permitted precise 
calculation of the geographic distance between each pair of gophers, it 
was clear that a simple measure of geographic distance did not accurately 
measure the likelihood of two gophers interacting. Rather, the num ber
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of gophers inhabiting the region between each pair of gophers is a more 
realistic m easure of the likelihood of their interaction (e.g., two gophers 
separated by 10 m  with five gophers between them, are less likely to 
meet than are two gophers separated by 20 m, w ith no other gophers 
betw een them). Therefore, distance between gophers (points) was 
calculated by counting the number of links (lines) connecting the two 
points w ithin a Gabriel connection scheme (Gabriel and Sokal, 1969). In 
this analysis, a Gabriel graph is constructed by first connecting two points 
on the graph w ith a line. This connection is retained if, and only if, a 
circle draw n using this line as the diameter includes no other points. 
This process is repeated to form all possible connections that satisfy this 
requirem ent (Fig. 4.2).
Louse populations were coded as quantitative characters similar 
to allozyme frequencies (e.g., 80% northern lice, 20% southern lice) and 
analyzed with spatial autocorrelation procedures. All spatial analyses 
were perform ed using the R-Package of programs (Legendre and 
Vaudor, 1991). Spatial autocorrelation analysis was used to generate 
M oran's I (Moran, 1950), which is similar to a Pearson's correlation 
coefficient. The data are divided into equal distance classes (based on the 
connection scheme), and I values are calculated for each distance class. 
Each value can be tested for statistical significance. A significant 
M oran’s I indicates either positive or negative spatial autocorrelation 
(i.e., a poin t is highly correlated with spatially proximal points). Spatial 
autocorrelation statistics were graphically represented w ith 
correlograms. Correlograms consist of values of Moran's I plotted 
against increasing distance classes. A correlogram m ust be found to be
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100m
Figure 4.2. Gabriel network for pocket gophers used in
this study (Fig. 4.1). Points represent individual 
pocket gophers, lines are connections.
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globally significant before interpretation is meaningful. The test for 
global significance consists of perform ing a Bonferonni correction, 
which is accomplished by dividing the a  value by the num ber of 
distance classes. If any single point on the correlogram has a probability 
lower than the corrected a , the correlogram is globally significant 
(Legendre and Fortin, 1989). Because relatively few points are compared 
in the larger distance classes, these I values cannot be tested reliably for 
significance. Therefore, the final two or three points are not regarded as 
statistically reliable. Upon verification of global significance, the shape 
of the correlogram can be interpreted for spatial patterning. This 
patterning may include clinal shifts, spatial clumping, and random  
scattering.
The second approach to testing the three louse-transmission 
hypotheses involves comparing the species composition of louse 
populations to the genetics of the pocket gophers. The simplest 
comparison involves determining the parents of known imm ature 
(juvenile, young, and subadult) gophers, and  m apping the identities of 
the gophers’ louse populations onto these genealogies (Fig. 4.3). Because 
the number of im m ature gophers was lim ited, two other approaches 
involving band-sharing coefficients (S) of pocket gophers were used.
This measure of genetic similarity is calculated by dividing the number 
of bands two gophers share by one half the total num ber of bands 
present in the profiles of both individuals. For example, two gophers 
each with 10 bands would have an S value of 0.5 if they had 5 bands in 
common. To scale these similarity values, they were compared to S- 
values from know n families of gophers (two m other and offspring
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Figure 4.3. An example of a pedigree reconstruction showing all possible 
parental combinations for a juvenile gopher hosting northern 
lice and how they relate to mode of louse transmission.
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groups from a lab colony of T. b. connectens). Comparison of louse 
similarity betw een gophers to genetic sim ilarity between gophers was 
accomplished in  two ways. First, the identities of louse populations 
(northern, southern, or mixed) were m apped  onto UPGMA trees based 
on pocket gopher genetic similarity values. Next, a Mantel test (1000 
permutations; M antel, 1967) was used to test for significant association 
between the m atrix of louse similarity values and the matrix of gopher 
genetic similarity. This test is designed to detect statistically significant 
associations betw een the two variables, which may not be apparent on 
visual inspection of the UPGMA phenogram s.
Results
Louse p o pu la tion  analysis.— A significantly higher num ber of 
Geomvdoecus (compared to Thom om vdoecus) were found in the 12 
louse populations surveyed exhaustively (556 Geomvdoecus versus 424 
T hom om vdoecus individuals, X2 = 18.0, P = 0.0001; Table 4.1). Overall, 
the sex ratio in Geomvdoecus was skewed in favor of females (1.6:1, X2 = 
12.4, P = 0.0004), bu t did not differ significantly different from a ratio of 
1:1 in T hom om vdoecus. Interestingly, far m ore Geomvdoecus instars 
were present (342) than adults (214). The opposite was true for 
T hom om vdoecus (145 instars and 279 adults).
Species com position of louse popu lations.—Twenty of the 57 
Geomvdoecus louse populations analyzed (one gopher was void of lice) 
consisted entirely of the northern species (G. aurei). 22 were 100% 
southern (G. centralis), and 15 populations contained both northern and 
southern lice (Fig. 4.4). Viewed graphically (Fig. 4.5), the contact zone 
resembles a narrow  step cline with a w idth  of approximately 1200 m
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Table 4.1. Sex and age composition of 12 louse populations hosted by pocket 
gophers, Thomomys bottae. Gopher numbers refer to localities in 
Fig. 4.1 and ID refers to species composition of louse populations 
(north=G. aurei. south=G. centralis. mixed=both species).
Geomvd oecus Thom om vdoecus
Adults Adults
Gopher Male Female Instar ID Male Fem ale Instar
6 12 9 21 north 20 10 14
7 0 2 6 south 0 0 2
9 4 20 27 south 1 3 7
10 2 4 31 mixed 19 40 25
12 3 2 23 north 2 1 3
15 1 1 6 north 3 3 8
17 6 12 43 mixed 34 15 18
19 3 15 20 south 0 3 1
21 6 20 28 south 19 25 16
23 16 16 70 south 6 8 27
33 12 13 28 mixed 45 15 29
48 17 18 39 mixed 5 2 3
Total 82 132 342 154 125 145
Ul
00
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(transition from 80% of one species to 80% of the other; Endler, 1977).
Spatial autocorrelation analysis yielded several significant values 
(Table 4.2), indicating positive autocorrelation. The correlogram (Fig. 
4.6) had a Bonferroni-corrected a  value of 0.0026 (0.05/19). Because two 
points in Table 4.2 have probabilities lower than this value, the 
correlogram is globally significant.
General dem ography of pocket gophers.—All gophers captured 
within the study area were of the southern subspecies (T. b. opulentus) 
based on both allozym e and mtDNA RFLP surveys. The sex ratio (1.76 in 
favor of females) w as significantly skewed (X2 = 4.7, P = 0.002). This ratio 
is consistent with the findings of Daly and Patton (1990), who also 
reported a female bias in populations of X- bottae in California. 
Examination of cranial and external characters of the 58 gophers 
revealed a roughly equal numbers of immature individuals between the 
sexes, with five subadult males compared to six subadults and one 
juvenile female. Daly and Patton (1990) suggested that sex ratios were 
less skewed among im m ature gophers, and that the ratio becomes more 
skewed in older populations because of female longevity.
Although the sam ple size in this study is relatively small, the low sex 
ratio in immature gophers (1.4), compared to the higher sex ratio in 
adults (1.9), is consistent w ith Daly and Patton's (1990) suggestion.
Genetic relatedness am ong pocket gophers.— DNA-fingerprint 
analysis of known siblings yielded band-sharing coefficients (S) of 0.50 
and 0.58, which are consistent with expectations based on patterns of 
Mendelian inheritance. Therefore, any S values equal to or greater than 
0.45 (relaxed from 0.5 to allow for experimental error) were assum ed to
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Table 4.2. Results of spatial autocorrelation analysis for the louse
populations of 57 pocket gophers. Distance class refers to 
num ber of links separating populations compared (Fig. 4.2). 
M oran's I is the correlation coefficient.
Distance Class M oran's I
P-Values 
Positive N egative 
A utocorrelation Autocorrelation
1 0.3363 0.001
2 0.0611 0.185
3 -0.0481 0.344
4 0.0478 0.174
5 0.0821 0.074
6 0.1077 0.037
7 0.1076 0.047
8 -0.0127 0.524
9 -0.2392 0.009
10 -0.2114 0.033
11 -0.1637 0.095
12 -0.1557 0.148
13 -0.4172 0.006
14 -0.5067 0.002
15 -0.2985 0.087
16 -0.3512 0.155
17 -1.1527 0.005
18 -1.1527 0.024
19 -1.1527 0.128
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CD = Male gopher 
O  = Female gopher 
Filled = 100% Northern lice 
Numbers = (% northern) 
Open = 100% Southern lice
* = Juvenile gopher
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Fig. 4.4. Demographic data and species composition of louse populations for 
pocket gophers studied at the San Acacia contact zone (Fig. 3.1).
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Figure 4.5. Composition of chewing louse populations (percent northern species, G. aurei) 
taken from pocket gophers collected across the louse contact zone. Dashed lines 
indicate boundaries of contact zone based on composition of 80 percent of one 
species and 20 percent of the other (Endler, 1977).
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indicate a first-order relationship (e.g., sibling or parent-offspring 
relationship). If two individuals had S values between 0.40 and 0.45 they 
were assum ed to be less closely related. Finally, two individuals with an 
S value less than 0.40 were considered unrelated.
Fingerprint analysis of the 57 louse-bearing gophers (Appendices 
A-G), revealed an average of 24.2 bands per individual (range = 11-35). 
The average band-sharing coefficient (S) was 0.261. The mean S value 
for the pocket gophers is consistent with other studies of mammalian 
populations that do not exhibit a high degree of inbreeding (Hoelzel and 
Amos, 1988; Stacy et al., 1994). Thirty-eight pairwise combinations 
yielded S values of 0.40 or greater. Related individuals were collected at 
a variety of distances ranging from 50 m to 850 m (mean = 318 m) from 
each other. Eleven gophers were found to have high band-sharing 
values (> 0.4) with three or more gophers (i.e., a high probability of being 
related to m ultiple individuals). Of these 11, two were subadults, six 
were adu lt females, and three were adult males. These males 
(individuals 26,33, and 51) were among the largest gophers trapped (201 
g, 174 g, and  179 g, respectively).
Analysis of louse transm ission.— Parentage was determ ined for 
four of the im m ature gophers trapped (Table 4.3). Of these four cases, 
two clearly indicate non-matemal transmission (individuals 18 and 27 
in Table 4.3). The remaining two cases are consistent w ith m aternal 
transmission, bu t suggest some degree of non-m atem al transmission.
Phenogram s constructed with S values from the fingerprint 
analysis show ed no clear relationship between genetic relatedness and 
identity of louse populations (Figs. 4.7-4.10). Likewise, M antel tests
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Table 4.3. Results of pedigree analysis for four immature pocket gophers. Putative 
mothers, fathers, and offspring are listed on the same row and are 
designated by individual num ber (Fig. 4.1). The composition of louse 
population is listed for each individual.
Im m ature Host Putative Mother Putative Father
Individual
N um ber
Louse
Population
Individual
N um ber
Louse
Population
Indiv idual
N um ber
Louse
Population
18 south 15 north 9 south
27 n o rth 31 south 3 no rth
44 mixed 50 north 26 south
45 mixed 41 mixed 26 south
o\
<J1
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show ed no significant correlation between louse population identity and 
genetic sim ilarity determined by band sharing (average P of all tests = 
0.284).
Discussion
The female-biased sex ratio (Table 4.1) in both Geomvdoecus and 
T hom om vs is yet another parallel between these chewing lice and their 
pocket gopher hosts. The observation that m ost hosts support 
significantly m ore individuals of Geomvdoecus than Thom om vdoecus 
(the sm aller-bodied louse), coupled with the fact that Thom om vdoecus 
does not exhibit a skewed sex ratio (Table 4.1), suggests that there may be 
fundam ental differences in the natural history of these two genera of 
chewing lice. The greater number of instars com pared to adults suggests 
that either the im m ature Geomvdoecus lice experience a high rate of 
mortality before reaching reproductive age, or, that the instar stages are a 
relatively longer portion of the louse's life-cycle than the equivalent 
period in pocket gophers.
The geographic distances between related gophers in the study 
area indicate a variable dispersal distance (calculated as one half the total 
distance betw een first order relatives), ranging from approximately 38 m 
to 425 m. These dispersal distances are w ithin the range of those based 
on m ark-recapture studies (Daly and Patton, 1990) and direct observation 
(Hafner e t al., 1983).
Patton and Smith (1993) suggested that female pocket gophers 
prefer to m ate w ith larger males. They suggested that females may be 
able to choose larger mates by inferring the m ale's size from the 
diam eter of its burrow  as the female encounters neighboring burrow
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Fig. 4.7. Phenograms for pocket gophers (Groups 1 and 2) based on
DNA-fmgerprint band sharing. Numbers on branch tips refer 
to individual gophers (Fig. 4.1). Letters refer to the species 
composition of the louse population found on each host 
(N = northern, S = southern, and X = mixed). Vertical dashed 
line indicates boundary of relatedness (i.e., individuals w ith 
S < 0.4 are considered unrelated).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45 X 
56 N
40 S
34 N
42 S 
39 X 
38 S
35 N 
37 S
43 S
41 X
36 N
Group 3
Group 4 34 N
30 X 
18 S 
29 S 
15 N 
12 N 
5N
23 S 
28 S 
20 N
0.0 02 0.4 0.80.6
Band Sharing Coefficient (£)
Fig. 4.8. Phenograms for pocket gophers (Groups 3 and 4) based on
DNA-fingerprint band sharing. Numbers on branch tips refer 
to individual gophers (Fig. 4.1). Letters refer to the species 
composition of the louse population found on each host 
(N = northern, S = southern, and X = mixed). Vertical dashed 
line indicates boundary of relatedness (i.e., individuals with 
S < 0.4 are considered unrelated).
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Fig. 4.9. Phenograms for pocket gophers (Groups 5 and 6) based on
DNA-fingerprint band sharing. Numbers on branch tips refer 
to individual gophers (Fig. 4.1). Letters refer to the species 
composition of the louse population found on each host 
(N = northern, S = southern, and X = mixed). Vertical dashed 
line indicates boundary of relatedness (i.e., individuals with 
S < 0.4 are considered unrelated).
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Group 7
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Fig. 4.10. Phenograms for pocket gophers (Group 7) based on
DNA-fingerprint band sharing. Num bers on branch tips refer 
to individual gophers (Fig. 4.1). Letters refer to the species 
composition of the louse population found on each host 
(N = northern, S = southern, and X = mixed). Vertical dashed 
line indicates boundary of relatedness (i.e., individuals with 
S < 0.4 are considered unrelated).
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systems. The three reproductively successful males (i.e., males 
exhibiting high band-sharing values with m ultiple individuals) found 
in this study had  a m ean mass of 184 g compared to the mean mass of 
167 g for less successful adult males. Although band-sharing estimates 
are a crude index of past m ating success, data from this study appear to 
corroborate the hypothesis that larger males have greater m ating success.
All comparisons betw een host genetic data and louse 
distributional data revealed no significant relationship between the two 
sets of variables. Because these comparisons were made both at the 
parent-offspring level (Table 4.3) and at the population level (Fig. 4.7- 
4.10), they seem to be definitive, at least for this contact zone. Thus, it 
appears that host m ating behavior is not a major determinant of louse 
transmission patterns in this region.
The spatial-autocorrelation analysis indicates that, contrary to 
previous dogma, chewing lice have considerable dispersal abilities. The 
significant correlation for the sm allest distance class (Fig. 4.6) signals the 
presence of nearest-neighbor effects. Thus the composition of a gopher's 
louse population is highly correlated w ith that of gophers that are 
spatially closer, not necessarily m ore closely related to the gophers in 
question. This nearest-neighbor effect further manifests itself in the 
form of patches, or clumps, of similar louse populations (e.g., all 
northern or all southern lice) across the study area. Presence of these 
clumps is indicated by the significant autocorrelation values at distance 
classes 6 and 7 (Fig. 4.6). These points indicate that, along with the 
correlation between nearest-neighbors, a significant positive correlation 
appears again at a distance of approxim ately 200 m (Legendre and Fortin,
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1989). Thus, patches of similar lice throughout the study area are 
separated by an average distance of 200 m. That the only significant 
effect is neighbor interactions suggests either that gophers come into 
direct contact more often than previously thought or that chewing lice 
rem ain in burrow  systems and colonize new  hosts as gophers inspect 
each other's burrows (or enter burrows that have been abandoned). This 
second possibility w ould require that chewing lice have greater vagility 
and greater ability to survive free of the host than previously thought.
Clearly, host-parasite interactions a t San Acacia are complex and 
dynamic. Louse populations on a given host are likely to change as the 
host moves to new areas and encounters neighbors w ith a different 
parasite fauna. Those gophers observed to have mixed populations of 
lice at the time of my study are likely to become fixed for one species of 
Geomvdoecus or the other through drift or competitive exclusion. It 
will be im portant to replicate this study at a different zone of contact 
between a different pair of louse species to determine if the processes 
influencing louse transmission in the San Acacia zone generally apply 
to chewing lice and pocket gophers, or if these results apply only to the 
particular species studied herein or to the unusual geography and 
physiography of the San Acacia constriction.
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CHAPTERS 
A FRACTAL VIEW OF COSPECIATION
During the past 20 years, chaos theory (also known as complexity 
theory) has been used to explain biological processes relating to 
physiology (Freeman and Skarda, 1985; Goldberger et al., 1985), ecology 
(Frontier, 1987; May, 1975), and organic evolution (Doebeli and Koella, 
1995; Green, 1991). It is not surprising that researchers in the life sciences 
have found chaos theory intriguing, given that the theory deals w ith 
very complex, deterministic, nonlinear systems, which applies to m ost 
biological systems. A subset of chaos theory, fractal geometry, has been 
of particular interest to biologists. A lthough no consensus definition 
exists for the term, herein I refer to a fractal as a noneuclidean, self­
similar, scale invariant object that is often produced by iteration 
(Mandlebrot, 1983). Each of the four components of this definition 
describe an im portant aspect of a fractal. Because fractals are 
noneuclidean, they cannot be characterized by simple euclidean 
dimensions (e.g., 1, 2, or 3). They are actually of fractional dimension 
(e.g., 1.17 or 1.86). For example, one can take a flat sheet of paper 
(dimension = 2) and loosely crum ple this paper into a ball. This w ad  of 
paper now takes up  m ore space than a two-dimensional plane, b u t less 
than a solid three-dimensional sphere, depending upon the scale at 
which it is observed (ie., it is sphere-like when observed from a distance, 
but would appear plane-like to a dust mite crawling on its surface).
A fractal is composed of building blocks that resemble each other 
and the entire fractal itself. In turn , these building blocks are composed
73
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of still sm aller units that also are sim ilar to each other and  to the larger 
units. Thus, a fractal is said to be self-similar (Briggs and Peat, 1989). A 
simple example of this is a bifurcating tree (Fig. 5.1). A ny such tree, 
w hether it be an oak tree, a capillary interface, or a phylogenetic 
reconstruction, is composed of smaller bifurcating trees (Green, 1991). 
This self-similarity is evident on any scale (i.e., it is scale invariant), so 
that a fractal appears the same at any magnification. This self-similarity 
makes it relatively easy to form complex patterns (and processes) by 
iterating a simple set of functions w ith feedback (e.g., bifurcation of a 
branch; Fig. 5.1). Conversely, because of the complexity of fractal objects, 
it is difficult (and imprecise) to m easure them by using euclidean 
methods. The difference between Euclidean objects and fractal objects is 
best described by Hastings and Sugihara (1993: 3): "Fractal geometry 
builds complex objects by applying simple processes to complex building 
blocks; Euclidean geometry uses sim pler building blocks b u t frequently 
requires complex processes."
M ost natural fractals differ from the ideal or perfect fractal. 
N atural fractals such as mountains, archipelagos, and trees, incorporate 
a stochastic component into their rules of generation. These fractals are 
not perfectly self-similar and often are called "multifractals" to 
distinguish them  from artificially formed, perfectly symmetrical fractals 
(Stewart, 1989).
A t least two different approaches apply fractal theory to the data 
presented in Chapters 2-4. The first deals with the fractal nature of 
species distributions in general. This approach yields insight into the 
possible relationship between small scale, relatively sim ple host-parasite
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Figure 5.1. An example of the fractal nature of a bifurcating phylogenetic tree. Note that tree (b) is a subset of 
tree (a), which is part of a still larger tree that links together the families within an order.
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interactions and the large-scale patterns of cospedation observed in 
gopher-louse assemblages. This approach also m ay have predictive 
power, using observed data on one scale to predict distributions on a 
different scale (Williamson and Lawton, 1991). The second approach 
focuses on a local scale and deals with contact zones and the interfaces 
between two or more taxa. Information from this approach m ay help 
explain the maintenance of many zones of contact, espedally mosaic 
contact zones.
T he Fractal n a tu re  of gopher-louse distributions.-- W illiam son 
and Lawton (1991) first proposed the idea that m any spedes distributions 
may be fractal, and pocket gophers and chewing lice appear to be 
outstanding examples of fractal distributions. For example, if the 
distributions of chewing lice are viewed at the scale of traditional 
macrogeographic range maps, a general pattern of allopatry is apparent 
("a" in Fig. 5.2). If the scale of observation is reduced to a more local 
scale (as in  the study described in Chapter 4), the area of overlap (i.e., a 
contact zone) is apparent ("b" in Fig. 5.2). At an even higher 
magnification ("c" in Fig. 5.2) dusters of similar chewing louse 
populations are evident. This type of "mosaic" contact zone has been 
described for genetic hybrid zones of m any animal and plant taxa 
(Harrison and Rand, 1989). At an even finer scale ("d" in Fig. 5.2), some 
dum ps contain a mixture of the two louse species living on the same 
individual gopher. Finally, a t the highest level of resolution ("e" in Fig. 
5.2), the lice on an individual gopher can be characterized and 
enum erated (as in Chapter 4). Figure 5.2 illustrates that the large, 
complex patterns of codistributed (and often cospedating) gopher and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
gophers hosting 
northern lice
/ • / • A  •%
Distribution of five louse 
species viewed at a 
m acrogeographic scale
gophers hosting 
southern lice
(c) clumps of similar 
populations of lice
When viewed on a more 
local scale, the zone of 
overlap is evident
(e)
A closer view reveals the 
mosaic nature of the 
contact zone
The distribution of individual 
lice on a single gopher
A single clump of similar 
louse populations on individual gophers
Figure 5.2. Self-similarity at decreasing scales in louse distributions. See text for discussion.
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louse taxa are composed of sm aller m odules that are self-similar. This 
fractal structure suggests a direct link between the relatively simple 
interactions observed at small scales (i.e., nearest-neighbor effects), and 
the large- scale pattern of cospeciation.
M ost species distributions are depicted in range m aps as 
continuous in nature (e.g., the area between actual collection localities is 
usually shaded). However, species distributions are comprised 
invariably of a collection of sm aller distributions (Williamson and 
Lawton, 1991). Furthermore, these distributions are not static. They are 
usually p a rt of a dynamic system  that is expanding and contracting 
continually (Hafner and Shuster, 1996). These fluctuations in 
geographic range can be rapid and can cover hundreds of kilometers in 
only two or three decades (Frey, 1992; Hafner and Shuster, 1996). Thus, 
species distributions are not only fractal-like in appearance, b u t also are 
complex, dynamic systems being driven by relatively sim ple actions (i.e., 
range expansion and contraction) of small, discrete units (e.g., species, 
subspecies, demes, etc.).
N earest-neighbor effects, basins of attraction, and  m ain tenance  of 
the contact zone.-  Although the two louse species at the San Acacia 
zone do no t hybridize, their patchy distribution within the. zone is 
similar to a classic mosaic hybrid zone (Barton and Hewitt, 1989). 
Previous attem pts to explain the formation and maintenance of mosaic 
contact zones have relied heavily on  natural selection and local 
adaptation of individuals to indiv idual patches of environm ent (Barton 
and Hewitt, 1989; Harrison and Rand, 1989). In contrast, I suggest that
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nearest-neighbor effects and immigration m ay m aintain the louse 
contact zone at San Acacia.
The spedes composition of a gopher's louse population is 
correlated with that of its nearest neighbor (Chapter 4). An individual 
gopher dispersing into a new  area m ay find itself surrounded by gophers 
that host a different spedes of louse. Because of the asodal nature of 
gophers, this im m igrant w ould have relatively little contact with other 
individuals during m ost of the year. However, during mating season, 
increased tolerance of "intruders," and plural occupancy of burrows m ay 
occur (Hansen and Miller, 1959). It is during this period that louse 
dispersal is probably m ost likely. The data presented in Chapter 4 
indicate that, over time, this newcomer eventually will be colonized by 
the resident louse spedes, so that the im m igrant's louse fauna will 
converge on the local type ("a" in Fig. 5.3). Importantly, the louse 
spedes on an immigrating host will likely persist for long periods of 
time, and there is the rem ote possibility that this louse spedes could 
drift to fixation on all gophers in this local area. However, barring a 
competitive advantage on  the part of the new  louse spedes, simple 
numerical dominance of the resident species argues against this 
outcome. Gopher dispersal dearly  plays an im portant role, in the 
identity  of louse populations within these dum ps, and the nearest- 
neighbor concept can be extended to indude nearest-neighboring 
dum ps, particularly as sources of new  imm igrants ("b" in fig 5.3).
The contact zone between two or more taxa is an interface 
betw een large pools of similar individuals. Because of dispersal, these 
large pools behave m uch like basins of attraction (also known as
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Figure 5.3. Nearest-neighbor effects on the species identity of louse populations on a new
immigrant host (black). Circles represent individual gophers in a local area. Open circles
and filled circles represent different species of lice and shaded circles represent mixed
species of lice on a single gopher. Through time, the influence of neighboring
populations causes a shift in species composition (a). This shift is continually offset
by new immigrants (b). oo
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"strange attractors"). Basins of attraction tend to attract solutions of a 
nonlinear equation to a group of similar solutions regardless of initial 
conditions (Peitgen et al., 1992). For example, if a  cluster of lice 
comprised of species A  (Fig. 5.4) is placed near the m ain body of species 
B, then it will continually receive immigrants from the main body of 
species B, plus additional immigrants from other neighboring clusters, 
which themselves are likely to be predom inantly species B. This 
constant assault will likely result in the small cluster of species A 
eventually becoming fixed for species B. The reverse is also true for 
clusters of lice of species B placed near the main body of species A.
Conclusions.-T he fractal-like qualities of the louse contact zone 
(i.e., iterative feedback through nearest-neighbor effects and basins of 
attraction) may be sufficient to explain the maintenance of this zone and 
m ay be sufficient to explain the formation and m aintenance of other 
mosaic hybrid zones w ithout invoking local adaptation to extremely 
fine scale selective pressures. Because natural selection is inherently 
tautological and can be invoked to explain almost any biological 
phenom enon, it is perhaps best to eliminate other potential causes for 
the form ation and m aintenance of mosaic contact zones before invoking 
selection. The nearest-neighbor/basins of attraction hypothesis is 
testable vising computer sim ulations of nearest-neighbor mating 
regim es.
The apparent relationship between decreased order and decreased 
scale of observation in the gopher-louse system is possibly spurious.
The pattern of cospeciation, which is readily apparent at large scales, may 
not appear as clearly at smaller scales, because order is present in a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 5.4. A contact zone as an interface between two basins of attraction (pure gene pools).
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different form at smaller scales. Q iaos theory deals w ith very complex, 
often beautiful patterns that rise from very simple processes that often 
have a stochastic com ponent Although the processes themselves m ay 
have a stochastic element, the general condition of their outcom e can be 
predicted with a high degree of confidence based on experience (i.e., 
knowledge of prior states). A t the very least, it is clear that the complex 
pattern of gopher-louse cospeciation, which is evident only on a 
macrogeographic scale, is generated and m aintained by the relatively 
simple processes of dispersal and nearest-neighbor effects, which operate 
on a microgeographic scale.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LITERATURE CITED
Archie, J. W., C. Simon, and  A. Martin. 1989. Small sam ple size does 
not decrease the stability of dendrograms calculated from 
allozyme-frequency data. Evolution, 43:678-683.
Askew, R. R. 1971. Parasitic insects. American Elsevier Publishing Co., 
New York, 316 pp.
Avise, J. C., J. E. Neigel, and  J. Arnold. 1984. Demographic influences on 
mitochondrial DNA lineage survivorship in anim al populations. 
Journal of Molecular Evolution, 20:99-105.
Baird, S. F. 1854. Characteristics of some new species of N orth
American Mammalia. Proceedings of the Academy of Natural 
Sciences of Philadelphia, 7:333-337.
Baker, R. H. 1950. The taxonomic status of Geomvs breviceps texensis 
Merriam and Geomvs bursarius llanensis Bailey. Journal of 
Mammalogy, 31:348-349.
Baker, R. J., S. K. Davis, R. D. Bradley, M. J. Hamilton, and R. A. Van 
Den Bussche. 1989. Ribosomal-DNA, mitochondrial-DNA, 
chromosomal, and allozymic studies on a contact zone in the 
pocket gopher, Geom vs. Evolution, 43:63-75.
Barker, S. C. 1991. Evolution of host-parasite associations among species 
of lice and rock-wallabies: coevolution? International Journal of 
Parasitology, 21:496-501.
Barton, N. H. and G. M. Hewitt. 1989. Adaptation, speciation and hybrid 
zones. Nature, 341:497-503.
Baverstock, P. R., M. Adam s, and I. Beveridge. 1985. Biochemical 
differentiation in bile duct cestodes and their m arsupial hosts. 
Molececular Biolology and Evolution, 2:321-337.
Block, S. B., and E. G. Zimmerman. 1991. Allozymic variation and 
systematics of plains pocket gophers (Geomvs) of south-central 
Texas. The Southwestern Naturalist, 36:29-36.
Bohlin, R. G. and E. G. Zimmerman. 1982. Genic differentiation of two 
chromosome races of the Geomvs bursarius complex. Journal of 
Mammalogy, 63:218-228.
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
Briggs, J. and  F. D. Peat. 1989. Turbulent mirror. Harper and Row, New 
York. 222 pp.
Brooks, D. R. 1977. Evolutionary history of some plagiorchioid 
trem atodes of anurans. Systematic Zoology, 26:277-289.
Brooks, D. R., and R. M. Overstreet. 1978. The family Liolopidae 
(Digenea), including a new genus and two new species from 
crocodilians. International Journal for Parasitology, 8:267-273.
Brown, W. M. 1983. Evolution of animal mitochondrial DNA, pp. 62- 
88. In  M. Nei and R. K. Koehn (eds.), Evolution of Genes and 
Proteins. Sinauer Associates, Sunderland, MA.
Brues, A. M. 1972. Models of race and cline. American Journal of 
Physical Anthropology, 37:389-400.
Burke, T., and  M. W. Bruford. 1987. DNA fingerprinting in birds. 
N ature, 327:149-152.
Daly, J. C. and  J. L. Patton. 1990. Dispersal, gene flow, and allelic
diversity between local populations of Thom om vs bottae pocket 
gophers in the coastal ranges of California. Evolution, 44:1283- 
1294.
Demastes, J. W., M. S. Hafner, D. J. Hafner,T. A. Spradling, and P. D. 
Sudman. in prep. Movement of a contact zone between two 
species of chewing lice (Geomvdoecus).
Demastes, J. W. 1990. Host-parasite coevolutionary relationships in two 
assemblages of pocket gophers and  chewing lice. U npublished M. 
S. thesis, Louisiana State University, Baton Rouge, LA.
Dirichlet, G. L. 1850. Uber die reduction der positiven quadratischen 
form en m it drei unbestimmen ganzen zahlen. Journal fu r die 
Reine und  Angewandte M athematik, 40:209-234.
Doebeli, M., and  J. Koella. 1995. Chaos and evolution. Trends in  
Ecology and Evolution, 11:220.
Dowling, T. E., C. Moritz, and J. D. Palmer. 1990. Nucleic adds II: 
Restriction site analysis. Pp. in  Molecular Systematics (D. M.
Hillis and  C. Moritz, eds.). Sinaur Assodates, Sunderland, MA.
Eichler, W. 1948. Some rules in ectoparasitism. Annals and M agazine 
of N atural History, Series 12,1:588-598.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
Endler, J. A. 1977. Geographic Variation, Speciation, and  Clines. 
Princeton University Press, Princeton, NJ.
Feinberg, A. P. and B. Vogelstein. 1983. A technique for radiolabelling 
DNA restriction endonuclease fragments to high specific activity. 
Analytical Biochemistry, 132:6-13.
Felsenstein, J. 1993. PHYLIP: Phylogenetic inference package, version 
3.51c. Department of Genetics, University of W ashington.
Freeman, W. J. and C. A. Skarda. 1985. Spatial EEG patterns, nonlinear 
dynam ics and perception: The neo-Sherrington view. Brain 
Research Review, 10:147.
Frey, J. K. 1992. Response of a mammalian faunal elem ent to climatic 
change. Journal of M ammalogy, 73:43-50.
Frontier, S. 1987. Applications of fractal theory to ecology. Pp 335-378, 
In  Developments in Numerical Ecology, Legendre, P. and L. 
Legendre (eds.). Springer Verlag, New York. 585pp.
Gabriel, K. R., and R. R. Sokal. 1969. A new statistical approach to 
geographic variation analysis. Systematic Zoology, 18:259-278.
Goldberger, A. L., V. Bhargava, B. J. West, and A. J. M andell. 1985. On a 
m echanism  of cardiac electrical stability: The fractal hypothesis. 
Biophysics Journal, 48:525-528.
Green, D. M. 1991. Chaos, fractals and nonlinear dynamics in evolution 
and  phylogeny. Trends in  Ecology and Evolution, 6:333-337.
Gyllensten, U., D. Wharton, A. Josefsson, and A. C. Wilson. 1991. 
Paternal inheritance of m itochondrial DNA in mice. N ature 
352:255-257.
Hafner, D. J. and C. J. Shuster. 1996. Historical biogeography of western 
isolates of the least shrew, Cryptotis parva. Journal of 
Mammalogy, 77:536-545.
Hafner, J. C., D. J. Hafner, J. L. Patton, and M. F. Smith. 1983. Contact 
zones and the genetics of differentiation in the pocket gopher 
T hom om vs bottae (Rodentia: Geomyidae). Systematic Zoology, 
32:1-20.
Hafner, M. S., and S. A. Nadler. 1988. Phylogenetic trees support the 
coevolution of parasites and  their hosts. N ature 332:258-259.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
 . 1990. Cospedation in host-parasite assemblages: comparative
analysis of rates of evolution and tim ing of cospedation events. 
Systematic Zoology, 39:192-204.
Hafner, M. S., J. C. Hafner, J. L. Patton, and M. F. Smith. 1987.
Macrogeographic patterns of genetic differentiation in the pocket 
gopher Thomomys umbrinus. Systematic Zoology, 36:18-34.
Hafner, M. S., P. D. Sudman, F. X. Villablanca, T. A. Spradling. J. W. 
Demastes, and  S. A. Nadler. 1994. Disparate rates of molecular 
evolution in cospedating hosts and parasites. Sdence, 265:1087- 
1090.
Hafner, M. S., J. W. Demastes, D. J. Hafner, P. D. Sudman, and S. A.
Nadler. In prep. Analysis of a recently form ed mammal hybrid 
zone.
Hansen, R. M. and R. S. Miller. 1959. Observations on the plural 
occupancy of pocket gopher burrow  systems. Journal of 
Mammalogy, 40:577-584.
Harris, H., and D. A. Hopkinson. 1976. Handbook of enzyme
electrophoresis in hum an genetics. N orth-H olland Publishing 
Company, Am sterdam , The N etherlands, unpaged.
Harrison, R. G. and D. M. Rand. 1989. Mosaic hybrid zones and the 
nature of species boundaries. Pp. 111-133. In Spedation and its 
consequences, D. Otte and J. A. Endler (eds.). Sinauer Assodates, 
375 pp.
Hastings, H. M., and Sugihara, G. 1993. Fractals: A user’s guide to the 
natural sdences. Oxford University Press, Oxford. 235pp.
Hellenthal, R. A., and  R. D. Price. 1984. Distributional assodations 
among Geomvdoecus and Thom om vdoecus lice (Mallophaga: 
Trichodectidae) and pocket gopher hosts of the Thom om ys bottae 
group (Rodentia: Geomyidae). Journal of Medical Entomology, 
21:432-446.
Hendrickson, R. L. 1972. Variation in the plains pocket gopher (Geomys 
bursarius) along a transect across Kansas and Eastern Colorado. 
Transactions of the Kansas Academy of Sdences, 75:322-368.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
Hendy, M. D., and  D. Penny. 1982. Branch and bound algorithms to
determ ine minimal evolutionary trees. M athematical Bioscience, 
59:277-290.
Hillis, D. M., and  J. P. Huelsenbeck. 1992. Signal, noise, and reliability in 
molecular phylogenetic analyses. Journal of Heredity, 83:189-195.
Hoelzel, A. R. and  W. Amos. 1988. DNA fingerprinting and  "scientific" 
whaling. N ature, 333:305.
Honeycutt, R. L., and D. J. Schmidly. 1979. Chromosomal and
morphological variation in the plains pocket gopher, Geomvs 
bursarius in Texas and adjacent states. Occasional Papers of The 
Museum, Texas Tech University, 58:1-54.
Hope, A. C. A. 1968. A simplified Monte Carlo significance test 
procedure. Journal of the Royal Statistical Society, Series B, 
30:582-598.
Hopkins, D. E. 1970. In v itro  colonization of the sheep biting louse
Bovicola o v is . Annals of the Entomological Society of Amererica, 
63:1196-1197.
Hopkins, G. H. E. 1949. The host-associations of the lice of mammals. 
Proceedings of the Zoological Society of London, 119:387-604.
Hopkins, G. H. E. 1942. The Mallophaga as an aid to the classification of 
birds. Ibis, 14:94-106.
Howard, W. E., and  H. E. Childs, Jr. 1959. The ecology of pocket gophers 
with em phasis on Thom om vs bottae. Hilgardia, 29:277-357.
Jeffreys, A. J., V. Wilson, and S. L. Thein. 1985. Individual-specific 
'fingerprints’ of hum an DNA. N ature, 316:76-79.
Kellogg, V. L. 1913. Distribution and species-forming of ecto-parasites. 
American N aturalist, 47:129-158.
Kethley, J. B., and  D. E. Johnston. 1975. Resource tracking patterns in 
bird and m am m al ectoparasites. Miscellaneous Publications of 
the Entomological Society of America, 9:231-236.
Lansman, R. A., R. O. Shade, J. F. Shapira., and J. C. Avise. 1981. The 
use of restriction endonucleases to measure mitochondrial DNA 
sequence relatedness in natural populations HI. Techniques and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
potential applications. Journal of Molecular Evolution, 17:214- 
226.
Legendre, P., and M.-J. Fortin. 1989. Spatial pattern and ecological 
analysis. Vegetatio, 80:1615-1673.
Legendre, P., and A. Vaudor. 1991. The R Package: M ultidimensional 
analysis, spatial analysis. Department de Sciences Biologiques, 
University de Montreal. 142pp.
Longmire, J. L., R. E. Ambrose, N. C. Brown, T. J. Cade, T. L. Maechtle, 
W. S. Seegar, F. P. W ard, and C. M. White. 1991. Use of sex- 
linked minisatellite fragm ents to investigate genetic 
differentiation and m igration of N orth American populations of 
the Peregrine Falcon (Falco peregrinus). Pp. 217-229. In  T. Burke, 
G. Dolf, A. J. Jeffreys, and  R. Wolff (eds.), DNA Fingerprinting: 
Approaches and Applications. Birkhauser Verlag Press, Basel, 
Switzerland.
Longmire, J. L., G. F. Gee, C. L. Hardekopf, and G. A. Mark. 1992.
Establishing paternity in  W hooping Cranes (Grus am ericana) by 
DNA analysis. The A uk, 109:522-529.
Lowery, G. H. 1974. The mam m als of Louisiana and its adjacent waters. 
Louisiana State University Press, Baton Rouge, 565 pp.
Lyal, C. H. C. 1986. Coevolutionary relationships of lice and their hosts: 
a test of Fahrenholz’s Rule. Pp. 77-92, in  Coevolution and  
Systematics (A. R. Stone and D. L. Hawksworth, eds.). Clarendon 
Press, Oxford.
Lynch, M. 1991. Analysis of population genetic structure by DNA
fingerprinting. In  T. Burke, G. Dolf, A. J. Jeffreys, and R. Wolff 
(eds.), DNA Fingerprinting: Approaches and Applications. 
Birkhauser Verlag Press, Basel, Switzerland.
Machette, M. N. 1978. Late Cenozoic geology of the San Acacia-
Bemardo area. Pp. 135-137 in  Guidebook to the Rio G rande rift in 
N ew  Mexico and Colorado. New Mexico Bureau of Mines and 
Mineral resources. Circular 163. 241pp.
M andlebrot, B. B. 1983. The fractal geometry of nature. W. H. Freeman, 
N ew  York. 468pp.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
Mantel, N . 1-967. The detection of disease clustering and a generalized 
regression approach. Cancer Research, 27:209-220.
Manter, H. W. 1955. The zoogeography of trem atodes of marine fishes. 
Experimental Parasitology, 4:62-86.
Marshall, A. G. 1981. The ecology of ectoparasitic insects. Academic 
Press, London, 459 pp.
May, R. 1975. Deterministic models w ith chaotic dynamics. Nature, 
256:165-166.
Mickevich, M. F., and C. Mitter. 1983. Evolutionary patterns in
allozyme data: a systematic approach. Pp. 169-176 in  Advances in 
cladistics: Proceedings of the second m eeting of the Willi Hennig 
Society (N. I. Platnick and V. A. Funk, eds.). Columbia University 
Press, New York. 218 pp.
Moran, P. A. P. 1950. Notes on continuous stochastic phenomena. 
Biometrika, 37:17-23.
Nadler, S. A., and M. S. Hafner. 1989. Genetic differentiation in
sym patric species of chewing lice (Mallophaga: Trichodectidae). 
Annals of the Entomological Society of America.
Nadler, S. A., M. S. Hafner, J. C. Hafner, and D. J. Hafner. 1990. Genetic 
differentiation among chewing louse populations (Mallophaga: 
Trichodectidae) in a pocket gopher contact zone (Rodentia: 
Geomyidae). Evolution, 44:942-951.
Nagylaki, T. 1975. Conditions for the existence of dines. Genetics, 
80:595-615.
Nei, M. 1975. Molecular population genetics and evolution. American 
Elsevier Publishing Company, N ew  York.
Nei, M., and  F. Tajima. 1983. M aximum likelihood estimation of the 
num ber of nudeotide substitutions from  restriction site data. 
Genetics, 105:207-217.
Nelson, G., and N. I. Platnick. 1981. Systematics and Biogeography:
Cladistics and vicariance. Columbia University Press, New York.
Newson, R. M., and  R. G. Holmes. 1968. Some ectoparasites of the
coypu (Mvocastor covpus) in eastern England. Journal of Animal 
Ecololgy, 37:471-481.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
Page, R. D. M. 1988. Quantitative cladistic biogeography: Constructing 
and  comparing area cladograms. Systematic Zoology, 37:254-270.
 . 1990. Temporal congruence and  cladistic analysis of biogeography
and  cospedation. Systematic Zoology, 39:205-226.
 . 1991. Clocks, dades, and cospedation: comparing rates of
evolution and timing of cospedation events in host-parasite 
assemblages. Systematic Zoology, 40:188-198.
 . 1994. Maps between trees and dadistic  analysis of historical
associations among genes, organisms, and areas. Systematic 
Biology, 43:58-77.
Patton, J. L. and M. F. Smith. 1993. M olecular evidence for m ating 
asym m etry and female choice in  a pocket gopher (Thom om vs) 
hybrid zone. Molecular Ecology, 2:3-8.
Patton, J. L., M. F. Smith, R. D. Price, and R. A. Hellenthal. 1984.
Genetics of hybridization betw een the pocket gophers T hom om vs 
bottae and Thom om vs tow nsendii in northeastern California. 
Great Basin Naturalist, 44:431-440.
Patton, J. L., and S. Y. Yang. 1977. Genetic variation in T hom om vs 
bottae pocket gophers: macrogeographic patterns. Evolution, 
31:697-720.
Peitgen, H . O., H. Jurgens, and D. Saupe. 1992. Fractals for the 
classroom. Springer-Verlag, N ew  York. 500pp.
Penney, D. F., and E. G. Zimmerman. 1976. Genic divergence and local 
population differentiation by random  drift in the pocket gopher 
genus Geomvs. Evolution, 30:473-483.
Poulson, E. N., and E. G. Fitzpatrick. 1929. Soil survey of the Socorro 
and  Rio Puerco areas, New Mexico. U. S. D. A. Bureau of 
Chemistry and Soils, Series 1929(2), 27pp.
Price, R. D., and R. A. Hellenthal. 1981. A review of the Geom vdoecus 
califom icus complex (Mallophaga: Trichodectidae) from 
T hom om vs (Rodentia: Geomyidae). Journal of Medical 
Entomology, 18:1-23.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
Reichman, O. J., T. G. W hitham , and G. A. Ruffner. 1982. Adaptive
geometry of burrow  spacing in two populations of pocket gophers. 
Ecology, 63:687-695.
Rogers, J. S. 1972. Measures of genetic similarity and genetic distance. 
Studies in Genetics VH, The University of Texas Publication, 
7213:145-153.
Rust, R. W. 1974. The population dynamics and host utilization of 
Geomvdoecus oregonus. a parasite of T hom om vs bottae. 
Oecologia, 15:287-304.
Schnell, G. D., D. J. Watt, and  M. E. Douglas. 1985. Statistical
comparison of proxim ity matrices: applications in animal 
behaviour. Animal Behavior, 33:239-253.
Scott, M. T. 1950. Observations on the bionomics of the sheep body 
louse (Damalina ov is). Australian Journal Agricultural 
Resources, 3:60-67.
Selander, R. K., M. H. Smith, S. Y. Yang, W. E. Johnson, and J. B. Gentry. 
1971. Biochemical polym orphism  and systematics in the genus 
Peromvscus. I. Variation in the old-field mouse (Peromvscus 
polionotus). Studies in Genetics VI, The University of Texas 
Publication, 7103:49-90.
Shin, H-S, T. A. Bargiello, B. T. Clark, F. R. Jackson, and  M. W. Young. 
1985. An unusual coding sequence from a D rosophila clock gene 
is conserved in vertebrates. Nature, 317:445-448.
Smith, M. F., J. L. Patton, J. C. Hafner, and D. J. Hafner. 1983.
T hom om vs bottae pocket gophers of the central Rio Grande 
Valley, New Mexico: Local differentiation, gene flow, and 
historical biogeography. Occasional Papers, M useum  of 
Southwestern Biology, University of New Mexico No. 2:1-16.
Smouse, P. E., J. C. Long, and  R. R. Sokal. 1986. M ultiple regression and 
correlation extensions of the Mantel test of m atrix 
correspondence. Systematic Zoology, 35:627-632.
Sneath, P. H. A., and R. R. Sokal. 1973. Numerical taxonomy. W. H. 
Freeman and Co., San Francisco. 573 pp.
Sokal, R. R., and F. J. Rohlf. 1981. Biometry, 2nd ed. W. H. Freeman,
San Francisco. 859pp.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
Stewart, I. 1989. Does God play dice? The Mathematics of Chaos. Basil 
Blackwell, N ew  York. 348pp.
Swofford, D. L. 1993. PAUP: phylogenetic analysis using parsimony, 
version 3.11. Smithsonian Institution, W ashington, D. C.
Swofford, D. L., and  S. H. Berlocher. 1987. Inferring evolutionary trees 
from gene frequency data under the principle of maximum 
parsimony. Systematic Zoology, 36:293-325.
Swofford, D. L., and R. K. Selander. 1981. BIOSYS-1: a Fortran program  
for the comprehensive analysis of electrophoretic data in 
population genetics and systematics. Journal of Heredity, 72:281- 
283.
Timm, R. M. 1983. Fahrenholz’s rule and resource tracking: a study of 
host-parasite coevolution. Pp. 225-266, in  Coevolution (M. H. 
Nitecki, ed.). University of Chicago Press, Chicago 392 pp.
Timm, R. M., and  R. D. Price. 1980. The taxonomy of Geomvdoecus 
(Mallophaga: Trichodectidae) from the Geomvs bursarius 
complex (Rodentia: Geomyidae). Journal of Medical Entomology, 
17:126-145.
Tucker, P. K., and  D. J. Schmidly. 1981. Studies of a contact zone among 
three chromosomal races of Geomvs bursarius in east Texas. 
Journal o f Mammalogy, 62:258-272.
Wandersee, J. H . 1990. Concept mapping and the cartography of
cognition. Journal of Research in Science Teaching, 27:1069-1075.
Wenzel, R. L., V. J. Tipton, and A. Kiewlicz. 1966. The streblid batflies of 
Panama (Diptera Calypterae: Streblidae). Pp. 405-675, in 
Ectoparasites of Panama (Wenzel, R. L. and V. J. Tipton, eds.).
Field M useum  of Natural History, Chicago, 861 pp.
Westneat, D. F. 1990. Genetic parentage in the indigo bunting: a study 
using DNA fingerprinting. Behavioral Ecology and Sociobiology, 
27:67-76.
Westneat, D. F., W. A. Noon, H. K. Reeve, and  C. F. Aquadro. 1988. 
Im proved hybridization conditions for DNA "fingerprints" 
probed w ith  M13. Nucleic Acids Research, 16:4161.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
W etton, J. H., R. E. Carter, D. T. Parkin, and  D. Walters. 1987.
Demographic study of a w ild house sparrow population by DNA 
fingerprinting. Nature, 327:147-149.
W illiamson, M. H. and J. H. Lawton. 1991. Fractal geometry of
ecological habitats. Pp. 67-86, In  Habitat Structure, S. S. Bell, E. D. 
McCoy, and H. R. M ushinsky (eds.). Chapman and Hall, London. 
438 pp.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse population 
similarities (above diagonal) for Group 1. Mantel statistic (r) and the probability of 
nonrandom association are given in the bottom row. Numbers for individual hosts 
refer to the map (Fig. 4.1).
Host 44 57 52 55 53 54 50 49 51 48 47 46
44 — 0.900 0.900 0.900 0.900 0.900 0.100 0.900 0.900 0.430 0.970 0.900
57 0.308 — 1.000 1.000 1.000 1.000 0.000 1.000 1.000 0.330 0.930 1.000
52 0.350 0.146 — 1.000 1.000 1.000 0.000 1.000 1.000 0.330 0.930 1.000
55 0.227 0.222 0.261 — 1.000 1.000 0.000 1.000 1.000 0.330 0.930 1.000
53 0.256 0.150 0.293 0.356 — 1.000 0.000 1.000 1.000 0.330 0.930 1.000
54 0.216 0.105 0.462 0.372 0.316 — 0.000 1.000 1.000 0.330 0.930 1.000
50 0.545 0.178 0.348 0.280 0.089 0.326 — 0.000 0.000 0.670 0.070 0.000
49 0.143 0.279 0.500 0.250 0.186 0.390 0.417 — 1.000 0.330 0.930 1.000
51 0.419 0.227 0.444 0.327 0.136 0.333 0.449 0.340 — 0.330 0.930 1.000
48 0.195 0.143 0.279 0.255 0.143 0.200 0.426 0.356 0.304 — 0.400 0.330
47 0.356 0.304 0.298 0.353 0.087 0.227 0.235 0.286 0.222 0.208 — 0.930
46 0.200 0.258 0.188 0.056 0.065 0.276 0.278 0.176 0.267 0.242 0.270 —
I  = ■0.08803 P = 0.403
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse population 
similarities (above diagonal) for Group 2. Mantel statistic (r) and the probability of nonrandom 
association are given in the bottom row. Numbers for individual hosts refer to the map (Fig. 4.1).
Host 3339 3340 3351 3349 3354 3337 3338 3343 3350 3344 3345 3356 1438
3339 — 0.000 1.000 0.800 0.000 1.000 0.950 0.300 1.000 1.000 1.000 1.000 0.000
3340 0.545 — 0.000 0.200 1.000 0.000 0.050 0.700 0.000 0.000 0.000 0.000 1.000
3351 0.381 0.227 — 0.800 0.000 1.000 0.950 0.300 1.000 1.000 1.000 1.000 0.000
3349 0.556 0.526 0.278 — 0.200 0.800 0.850 0.500 0.800 0.800 0.800 0.8000 0.200
3354 0.410 0.488 0.154 0.242 — 0.000 0.050 0.700 0.000 0.000 0.000 0.000 1.000
3337 0.432 0.308 0.216 0.387 0.353 — 0.950 0.300 1.000 1.000 1.000 1.000 0.000
3338 0.256 0.341 0.205 0.303 0.333 0.294 — 0.350 0.950 0.950 0.950 0.950 0.050
3343 0.316 0.200 0.263 0.313 0.286 0.182 0.171 — 0.300 0.300 0.300 0.300 0.700
3350 0.286 0.318 0.381 0.389 0.410 0.324 0.410 0.316 — 1.000 1.000 1.000 0.000
3344 0.150 0.000 0.200 0.353 0.216 0.229 0.108 0.167 0.350 — 1.000 1.000 0.000
3345 0.421 0.250 0.211 0.500 0.286 0.303 0.114 0.118 0.263 0.778 — 1.000 0.000
3356 0.341 0.186 0.244 0.286 0.158 0.167 0.263 0.108 0.098 0.256 0.270 — 0.000
1438 0.381 0.318 0.381 0.333 0.256 0.216 0.256 0.158 0.476 0.300 0.316 0.390 —
r = 0.03053 P = 0.390
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse population 
similarities (above diagonal) for Group 3. Mantel statistic (r) and the probability of 
nonrandom association are given in the bottom row. Numbers for individual hosts 
refer to the map (Fig. 4.1).
Host 45 56 40 34 39 42 43 41 38 37 36 35
45 — 0.800 0.200 0.800 0.260 0.200 0.200 0.250 0.200 0.200 0.800 0.800
56 0.314 — 0.000 1.000 0.060 0.000 0.000 0.050 0.000 0.000 1.000 1.000
40 0.298 0.038 — 0.000 0.940 1.000 1.000 0.950 1.000 1.000 0.000 0.000
34 0.291 0.100 0.321 — 0.060 0.000 0.000 0.050 0.000 0.000 1.000 1.000
39 0.391 0.235 0.213 0.255 — 0.940 0.940 0.990 0.940 0.940 0.060 0.060
42 0.304 0.196 0.340 0.473 0.261 — 1.000 0.950 1.000 1.000 0.000 0.000
43 0.226 0.069 0.222 0.226 0.189 0.189 — 0.950 1.000 1.000 0.000 0.000
41 0.130 0.039 0.298 0.182 0.174 0.087 0.226 — 0.950 0.950 0.050 0.050
38 0.255 0.269 0.250 0.286 0.511 0.255 0.185 0.213 — 1.000 0.000 0.000
37 0.174 0.118 0.298 0.218 0.304 0.261 0.302 0.261 0.426 — 0.000 0.000
36 0.154 0.105 0.113 0.361 0.231 0.154 0.169 0.385 0.226 0.231 — 1.000
35 0.400 0.320 0.304 0.333 0.489 0.311 0.308 0.222 0.478 0.400 0.235 —
r = 0.05071 P = 0.3020
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse population 
similarities (above diagonal) for Group 4. Mantel statistic (r) and the probability of 
nonrandom association are given in the bottom row. Numbers for individual hosts 
refer to the map (Fig. 4.1).
Host 34 28 30 18 29 20 7 9 23 15 12 5
34 — 0.200 0.800 0.200 0.740 0.800 0.800 0.750 0.800 0.800 0.200 0.200
28 0.143 — 1.000 0.000 0.940 1.000 1.000 0.950 1.000 1.000 0.000 0.000
30 0.345 0.261 — 1.000 0.060 0.000 0.000 0.050 0.000 0.000 1.000 1.000
18 0.339 0.213 0.571 — 0.940 1.000 1.000 0.950 1.000 1.000 0.000 0.000
29 0.364 0.140 0.533 0.391 — 0.060 0.060 0.010 0.060 0.060 0.940 0.940
20 0.115 0.300 0.238 0.140 0.051 — 0.000 0.050 0.000 0.000 1.000 1.000
7 0.441 0.255 0.367 0.520 0.174 0.047 — 0.050 0.000 0.000 1.000 1.000
9 0.167 0.250 0.280 0.353 0.128 0.182 0.157 — 0.050 0.050 0.950 0.950
23 0.300 0.125 0.360 0.431 0.128 0.182 0.118 0.269 — 0.000 1.000 1.000
15 0.207 0.174 0.292 0.367 0.178 0.143 0.408 0.240 0.200 — 1.000 1.000
12 0.246 0.178 0.128 0.250 0.227 0.195 0.125 0.041 0.140 0.213 — 0.000
5 0.276 0.261 0.333 0.571 0.178 0.190 0.122 0.200 0.241 0.333 0.383 —
I  = 0.12066 P = 0.1420
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse 
population similarities (above diagonal) for Group 5. Mantel statistic (r) and 
the probability of nonrandom association are given in the bottom row. Numbers 
for individual hosts refer to the map (Fig. 4.1).
Host 1 28 2 4 6 10 8 3 20 16 23
1 — 0.000 1.000 1.000 1.000 0.700 1.000 1.000 1.000 1.000 0.000
28 0.133 — 0.000 0.000 0.000 0.300 0.000 0.000 0.000 0.000 1.000
2 0.318 0.103 — 1.000 1.000 0.700 1.000 1.000 1.000 1.000 0.000
4 0.298 0.238 0.293 — 1.000 0.700 1.000 1.000 1.000 1.000 0.000
6 0.200 0.089 0.182 0.085 — 0.700 1.000 1.000 1.000 1.000 0.000
10 0.122 0.182 0.140 0.087 0.245 — 0.700 0.700 0.700 0.700 0.300
8 0.292 0.186 0.238 0.311 0.292 0.511 — 1.000 1.000 1.000 0.000
3 0.298 0.143 0.195 0.182 0.255 0.304 0.311 — 1.000 1.000 0.000
20 0.049 0.000 0.114 0.211 0.049 0.150 0.051 0.105 — 1.000 0.000
16 0.130 0.049 0.100 0.047 0.043 0.311 0.182 0.174 0.054 — 0.000
23 0.170 0.190 0.146 0.182 0.085 0.174 0.089 0.298 0.211 0.140 —
r = 0.24316 P = 0 0990
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse population similarities 
(above diagonal) for Group 6. Mantel statistic (r) and the probability of nonrandom association are 
given in the bottom row. Numbers for individual hosts refer to the map (Fig. 4.1).
Host 57 44 45 56 40 39 48 26 42 43 41 38 37 36
57 — 0.900 0.200 0.000 1.000 0.940 0.330 1.000 1.000 1.000 0.950 1.000 1.000 0.000
44 0.095 — 0.300 0.100 0.900 0.960 0.430 0.900 0.900 0.900 0.950 0.900 0.900 0.100
45 0.170 0.298 — 0.800 0.200 0.260 0.870 0.200 0.200 0.200 0.250 0.200 0.200 0.800
56 0.250 0.333 0.226 — 0.000 0.060 0.670 0.000 0.000 0.000 0.050 0.000 0.000 1.000
40 0.327 0.204 0.370 0.327 — 0.940 0.330 1.000 1.000 1.000 0.950 1.000 1.000 0.000
39 0.130 0.304 0.275 0.154 0.113 — 0.390 0.940 0.940 0.940 0.990 0.940 0.940 0.060
48 0.311 0.178 0.160 0.196 0.269 0.286 — 0.330 0.330 0.330 0.380 0.330 0.330 0.670
26 0.078 0.392 0.429 0.246 0.241 0.255 0.037 — 1.000 1.000 0.950 1.000 1.000 0.000
42 0.128 0.255 0.385 0.302 0.185 0.196 0.320 0.107 — 1.000 0.950 1.000 1.000 0.000
43 0.120 0.200 0.109 0.143 0.211 0.111 0.113 0.271 0.145 — 0.950 1.000 1.000 0.000
41 0.280 0.400 0.218 0.179 0.246 0.222 0.189 0.237 0.160 0.241 — 0.950 0.950 0.050
38 0.226 0.377 0.172 0.136 0.200 0.421 0.179 0.290 0.189 0.197 0.131 — 1.000 0.000
37 0.217 0.261 0.235 0.192 0.377 0.480 0.163 0.400 0.217 0.222 0.185 0.491 — 0.000
36 0.269 0.577 0.316 0.241 0.237 0.250 0.291 0.328 0.346 0.200 0.267 0.159 0.214 —
r = -0.05565 E = 0.3250
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Band-sharing coefficients (S) for pocket gophers (below diagonal) and louse 
population similarities (above diagonal) for Group 7. Mantel statistic (r) and 
the probability of nonrandom association are given in the bottom row. Numbers 
for individual hosts refer to the map (Fig. 4.1).
Host 27 31 11 4 22 16 6 14 3 32 33
27 — 0.000 0.890 1.000 0.320 1.000 1.000 0.540 1.000 1.000 0.800
31 0.571 — 0.110 0.000 0.680 0.000 0.000 0.460 0.000 0.000 0.200
11 0.373 0.276 — 0.890 0.430 0.890 0.890 0.650 0.890 0.890 0.910
4 0.291 0.111 0.560 — 0.320 1.000 1.000 0.540 1.000 1.000 0.800
22 0.355 0.328 0.351 0.415 — 0.320 0.320 0.780 0.320 0.320 0.520
16 0.358 0.212 0.226 0.276 0.308 — 1.000 0.540 1.000 1.000 0.800
6 0.242 0.277 0.262 0.211 0.250 0.319 — 0.540 1.000 1.000 0.800
14 0.179 0.182 0.194 0.241 0.338 0.257 0.145 — 0.540 0.540 0.740
3 0.687 0.303 0.323 0.207 0.185 0.257 0.232 0.143 — 1.000 0.800
32 0.407 0.379 0.407 0.200 0.211 0.194 0.262 0.169 0.161 — 0.800
33 0.476 0.419 0.483 0.222 0.230 0.364 0.246 0.222 0.333 0.345 —
r = 0.12215 P = 0.2450
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